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Abstract

The search of materials relevant for thermoelectric and magnetocaloric
applications, as well as materials that interact with light, is an important aspect of the
materials science. Such materials can be used for solid-state power generation and
refrigeration, as light sources, detectors, or controllers. Intermetallic clathrates have long
been of interest for the materials science research. The promise these materials hold for
useful applications ranges from thermoelectrics to photovoltaics and optoelectronics to
potentially ultra-hard materials and magnetic cooling applications. Their unique physical
properties are intimately related to their intriguing structural properties. Thus a
fundamental understanding of the chemistry and physics of inorganic clathrates offers the
possibility to assess their potential for use in the various applications mentioned above.
In this work the selective, phase pure, single-crystal growth of AxSi46 and AySi136
(A = Na, K) intermetallic clathrates by the new vapor-phase intercalation method is
presented. The approach appears promising for accessing regions of the equilibrium
diagrams for Na-Si and K-Si clathrates that can be otherwise difficult to reach due to the
greatly differing properties of the constituent elements. Physical properties of these
materials were investigated in terms of single-crystal diffraction, electrical and thermal
properties measurements.

xiii

The synthesis and structural properties of single crystals of NaxSi136 are presented.
A two-step synthetic approach was employed for the synthesis of NaxSi136 which also
allowed for low temperature transport measurements of polycrystalline NaxSi136.
The potential of the Eu8Ga16Ge30 type-I and VIII – EuO composites for
magnetocaloric applications is discussed. The type-I clathrate – EuO composites hold
promise for active magnetic refrigeration around 70 K.

xiv

1. Introduction
We are witnessing a worldwide increase in energy consumption and demand
which is a serious threat to the environment.[1] The combustion of fossil fuels generates
an enormous amount of waste heat. Thermoelectric materials can be used for scavenging
this unused energy and converting it into useful electricity.[2] Only materials that possess
the desired physical properties can be used to achieve maximum efficiency in the heat-toelectricity conversion. Synthesis of new materials with improved thermoelectric
properties is therefore necessary. Materials science plays a crucial role in this process,
since there is an intimate relationship between developing new synthesis techniques and
providing materials with the desired physical properties. Thermoelectric devices are solid
state devices that operate based on the Seebeck effect, i.e. conversion of a temperature
difference into electrical voltage.[3-5] There are a few material systems currently under
investigation within the thermoelectric materials community that show promise for
potential applications. These include skutterudites, half-Heusler alloys, Zintl-Phases,
metal oxides, chalcogenides and clathrates.[6]
In addition to the search of materials relevant for thermoelectric applications,
other important aspect of the materials science is the search for materials that interact
with light. Such materials can be used as light sources, detectors, or controllers, and
considered for optoelectronic and photovoltaic applications.[7-10] The possibility to alter
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the band gap in these materials is important for constructing highly efficient electronic
devices. [8,10]
Clathrates are one class of materials that hold promise for both thermoelectric and
optoelectronic applications because of their unique physical properties. They are
inclusion compounds formed by sequestering atoms or molecules of one type into
cavities of a host crystal lattice of another. The term clathrate is derived from the Latin
word “clathratus” meaning “furnished with a lattice”. The chlorine-water molecule,
discovered by Humphry Davy in 1811,[11] is the first known clathrate molecule and
together with the analogous compounds discovered later, were termed “gas hydrates”
because they entrap gas molecules in ice.
Kasper et al.[12] reported the existence of the first inorganic clathrate phase
Na8Si46, isomorphic with that of the gas hydrates. Further investigations by Cross et
al.[13] and Gallmeier et al.[14] revealed new clathrate-structures with frameworks
composed of Ge, Si or Sn atoms encapsulating alkaline atoms. Einsmann et al.[15]
synthesized the ternary compounds A8B16E30 (A=alkaline metal; B=Ga, Al; E=Si, Ge,
Sn).
In the early 1990s, the U.S. Department of Defense (DoD) initiated a program to
search for new materials with potential for thermoelectric applications. One approach was
to discover novel bulk-materials that exemplify the so called “Phonon-Glass ElectronSingle Crystal” (PGEC) concept introduced by Slack.[16] According to this concept, a
good thermoelectric material would possess a low (“glasslike”) thermal conductivity, κ,
typical for amorphous materials, high electrical conductivity, σ, similar to metals, and
high Seebeck coefficient, S, akin to semiconductors. Certain clathrates are materials that
2

exhibit such properties.[17-19] They possess atomic-sizes voids that can encapsulate
heavy-ions that undergo large anharmonic vibrations (“rattling”) and scatter phonons
effectively, while their electrical properties vary with doping.
Nolas et al.[17] measured the transport properties on Si and Ge clathrates for the
first time, and observed that these materials have temperature dependences and
magnitudes of κ similar to that of amorphous Ge. Other unconventional properties
observed in clathrates include the heavy atom tunneling in a crystalline state,[20-22]
superconductivity in sp3 bonded solids,[23] and magnetism.[24] These properties,
together with the “glasslike” thermal conductivity, comprise novel physical phenomena
observed in crystalline solids. The frameworks of most of the known clathrates to date
are composed of group 14 elements[17,19] In addition to their ground state configuration,
there is a variety of highly stable binary,[12,25,26] ternary,[15,27,28] and quaternary
clathrates.[29,30]

They

hold

promise

for

useful

applications,

ranging

from

thermoelectrics[2,31,32] to photovoltaics and optoelectronics[7-10] to potentially ultrahard materials[33] and magnetic cooling applications.[34,35]
There is an intimate relationship between the physical properties displayed in
clathrates and their intriguing structural properties. A fundamental understanding of the
chemistry and physics of inorganic clathrates therefore offers the possibility to assess
their potential for use in the applications mentioned above.

3

1.1 Synthesis, crystal structure, electronic, and thermal properties of type-I
clathrates
Clathrate-I phases are the most studied clathrate structure type to date. There are a
few excellent reviews on the synthesis, structure and physical properties of clathrate-I
phases.[6,36-40] The term “clathrate” refers to inclusion compounds in general, though
there is a variety of crystal structure types amongst the known clathrate materials. There
exist nine distinctive types of clathrate structure types,[36] of which types I, II and VIII
are considered in this work.
Synthesis of type I clathrates with a structure similar to that of the gas hydrates
was first reported by Kasper et al.[12] They synthesized Na8Si46 by thermal
decomposition of alkali silicides under high vacuum. Einsmann et al.[15] first
synthesized ternary compounds X8Y16E30 (X = alkaline metal; Y = Ga, Al; E = Si, Ge,
Sn) by mixing stoichiometric quantities of the pure elements in alumina crucibles. The
mixtures were slowly heated under argon atmosphere at a rate 2οC/min up to a maximum
temperature of 1150οC for Si, 1050οC for Ge and 850οC for Sn mixtures and kept there
for an hour before slow cooling to room temperature. Some stoichiometric mixtures melt
congruently at certain temperatures. This was used in the direct synthesis of certain type I
clathrates. Phan et al.[34] synthesized type I Eu8Ga16Ge30 by reacting stoichiometric
ratios of the high purity elements in boron nitride (BN) crucible, sealed under nitrogen in
a quartz tube, in an induction furnace at 1100 0C followed by rapid water quenching.
Single crystals of the halogen-filled clathrate I8As8Ge38 were grown by Chu et al.[41] by
vapor deposition in a two-zone furnace. The stoichiometric mixtures were enclosed in a
sealed fused silica tube. Ge was kept at a temperature between 720 and 730οC, and As at
4

a temperature between 600 and 610οC. Nolas et al.[42,43] grew single crystals of
Sr8Ga16Ge30 and Eu8Ga16Ge30 by mixing and reacting stoichiometric quantities of the
high purity elements and holding them for 3 days at 950οC inside a BN crucible that was
itself sealed in a fused quartz ampoule that was evacuated and back filled with argon. The
ampoule was then slowly cooled to 700οC where it was left for 4 days. It was then slowly
cooled to room temperature. Single-crystals of various Sn clathrates were synthesized by
Nolas et al.[44] by mixing and reacting the constituent elements for 2 weeks at 550οC
inside a tungsten crucible that was itself sealed inside a stainless steel canister, after the
canister was evacuated and backfilled with high-purity argon. The resulting Sn clathrates
consisted of small octahedral shaped crystals with a shiny, somewhat blackish, metallic
luster. Chakoumakos et al.[45] grew single crystals of Sr8Ga16Ge30 by first arc-melting
high purity Sr and Ge together in an argon atmosphere to form SrGe2. Then they loaded
stoichiometric amounts of SrGe2, Ga shot and Ge in a helium dry box into a carbonized
silica tube. The constituents were then heated to 1050οC at 2οC/min, held at 1050οC for
20 hours, and then slowly cooled to 650οC, where they were held for several days, and
finally cooled down to room temperature. This resulted in single crystals with 5-10 mm
in length. Reny et al.[46] synthesized the type I clathrate I8Si46-xIx, the first clathrate to be
filled with an electronegative element. Another interesting aspect of this material is that
the iodine can be found both on the framework and as a guest atom. Böhme et al.[47]
synthesized Na8-xSi46 and K8-xSi46 clathrates by controlled oxidation of Na4Si4 and K4Si4
precursors with HCl. Aydemir et. al.[48] synthesized polycrystalline Ba8Ge433 by
melting a stoichiometric mixture of Ba and Ge and quenching the melt between cold steel
plates.

The Bridgeman technique, which is a standard technique for single-crystal
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growth, has been successfully implemented for synthesizing type-I clathrates, for
example Ba8Ni3.5Ge42.10.4 by Ngyen et al.[49] and Ba8Au5.3Ge40.7 by Zhang et al.[50]
The clathrate-I Cs7.8Si46 composition was synthesized by the high-pressure-hightemperature method,[51] and by far has the largest lattice parameter ever observed for a
binary silicon clathrate-I.[51] Recently, Stefanoski et al.[52] grew single crystals of
clathrate-I Na8Si46 and K7.5Si136 by vapor-phase intercalation with graphite. The details of
this approach will be discussed in Chapter 2.
The crystal structure of type-I clathrates is represented by the general formula
A8E46, where A are alkali metals or alkali-earth atoms, and E are the group 14 elements
Si, Ge or Sn.[36] Type I ternary compounds with general formula A8B16E30 where B is
Zn, Cd, Al, Ga, In, As, Sb or Bi [15,27,28] also exist. For these compounds, the bonding
is analogous to that of Zintl-phases,[53] where the more electropositive guest atoms
donates their valence electrons to the more electronegative host atoms resulting in a
closed-valence shell. These valence electrons form the covalently bonded face-sharing
host framework. The type I clathrate crystal structure comprises two 20-membered
pentagonal dodecahedra E20, each formed by twelve pentagonal faces [512] (Figure 1.1)
creating a void with 3 m symmetry, and six 24-membered tetrakaidecahedra E24, formed
by twelve pentagonal and two hexagonal faces [51262], each creating a void with 4m2
symmetry.[11,54] The corresponding unit cell is cubic with space group Pm3̄n.
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(a)

E24

(b)

E20

Figure 1.1 Crystal structure of type-I clathrates viewed down [100] (a). The 2a and 6d crystallographic
sites occupied by guest atoms are shown in yellow and red, respectively. The cubic unit cell is composed of
two pentagonal dodecahedra E20 and six tetrakaidecahedra E24 that share faces (b).

The E24 polyhedra share their hexagonal faces to form a three-dimensional system of
mutually-perpendicular non-intersecting channels (Figure 1.1). The E20 polyhedra are
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enclosed in this system of channels and are isolated from each other.[37] The
corresponding unit cell is cubic with space group Pm3̄n. The group 14 framework atoms
reside at three distinctive sites, 6c, 16i and 24k (in the Wyckoff notation), while the
“guest” atoms are encapsulated at 2a and 6d sites inside the E20 and E24, respectively.
Analogous to their diamond structured compounds,[55] the E-E-E bonds range from 105ο
to 126ο, averaging the ideal sp3 hybridization angle of 109.5ο. The clathrate structure
deviates from the diamond structured counterpart in their larger average interatomic
distances and larger (~15%) volume per group 14 atom, demonstrating the “openness” of
the clathrate crystal structure.[36]
The electronic properties of the inorganic clathrates can vary from metallic to
semiconducting. In a simplified model, the guest atoms donate their valence electrons to
the conduction band of the framework. If charge compensation is not achieved on the
framework sites, metallic transport is expected.[56,57] Maudryk et al.[57] has
characterized a series of Ba and Eu substituted type I clathrates, including Cu-stabilized
variants. The various framework substitutions included Al, Ga or In atoms occupying Si
or Ge host sites. The temperature dependence of the electrical resistivity, ρ, is typical for
metallic materials. The negative S throughout the entire temperature range may be an
indication that the majority carriers in these compounds are electrons. If charge
compensation is achieved on the framework sites, semiconducting transport is expected.
A number of clathrates with semiconducting properties have been reported.[17,36,38,57]
Nolas et al.[17] measured ρ (Figure 1.2a) and S (Figure 1.2b) of Sr8Ga16+xGe30-x, where x
is varied slightly. ρ shows a metallic temperature dependence for the high carrier
concentration, which becomes semiconducting as the doping level decreases. The doping
8

level of this series of specimens was varied by changing the Ga-to-Ge ratio while
maintaining a fixed Sr concentration. S decreases with increasing the carrier
concentration, as shown in Figure 1.2b, and also decreases with decreasing temperature
as expected in heavily doped semiconductors with negligible phonon drag.
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Figure 1.2 ρ (a) and S (b) versus temperature for three n-type Sr8Ga16Ge30 specimens with different Ga-toGe ratios but with same Sr concentrations resulting in varying carrier concentrations.[17] Reprinted with
permission from ref. [17] Copyright (1998), American Institute of Physics.

A conspicuous aspect of clathrates is the guest-host interaction which determines
the unique properties of these materials. The guest atoms enclosed within the polyhedra
can undergo large thermal displacement parameters, or “rattle”. This has a dramatic effect
on the thermal conductivity for these materials since phonons can be effectively
scattered.

Figure 1.3a demonstrates the difference in temperature dependent lattice

thermal conductivity, κL, for several type I clathrates.[36] It is apparent from Figure 1.3a
that Eu8Ga16Ge30 possesses an amorphous-like κL lower than Sr8Ga16Ge30, due to the
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smaller atomic radius for Eu2+ (1.17 Å) [58] as compared to that of Sr2+ (1.18 Å) [58] and
the larger mass (Eu is almost twice as massive as Sr). The difference in κL of
Eu8Ga16Ge30 and Cs8Sn44 is even more pronounced due to the much larger atomic radius
of Cs1+ (1.70 Å).[58] κL

for Cs8Sn44 varies as T

-1

and is typical of a crystalline

semiconductor dominated by umklapp-scattering. Additional bonding is introduced
between Cs and Sn atoms neighboring the vacancies in Cs8Sn44 such that it constrains the
Cs atoms. Sr4Eu4Ga16Ge30 exhibits the lowest κL in the temperature range shown in
Figure 1.3a. There are two different atoms (Sr and Eu) enclosed inside the polyhedra that
introduce six different scattering frequencies, three for each atom. This compound is
tracking the temperature dependence of a-SiO2 very closely. κL of Ba8Ga16Si30 is
relatively low, however with temperature dependence different from the one of the Geclathrates. Even though Ba2+ is more massive than Ga and Si, it is similar in size with
Si20 and Si24 cages, whereas Sr2+ and Eu2+ are smaller than the Ge cages. Thus the
temperature dependence is similar to that of a crystalline solid, exhibiting a massfluctuation scattering.[36]
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(a)

(b)

T (K)

T (K)

Figure 1.3 κL for several representative type I clathrates [36] (a). “Glass-like” κ for Sr8Ga16Ge30[36] (b).
(b) Reprinted with permission from ref. [36] Copyright (2001), American Institute of Physics.

One of the most interesting and important discoveries in terms of thermoelectrics
was the magnitude and the temperature dependence of κL of Ge clathrates. Figure 1.3b
shows the temperature dependence of κ for Sr8Ga16Ge30.[59] The magnitude and
temperature dependence are similar to that of amorphous material. The low temperature
(<1 K) data indicates a T

2

temperature dependence, as shown by the straight-line fit to

the data in Figure 1.3b. Although the κ values exceed those of amorphous Ge (a-Ge) at
room temperature, they are smaller than amorphous quartz (a-SiO2) above 100 K. The
low-frequency acoustic phonons have the highest group velocity [60] and contribute
most to κ.
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Nolas et al.[44] and Chakoumakos et al.[45] reported on the isotropic atomic
displacement parameters for Cs8Sn44, Cs8Ga8Sn38, Cs8Zn4Sn42, and Sr8Ga16Ge30 from
temperature dependent single crystal and powder neutron diffraction experiments. Cs
atoms inside E24 (E = Sn and Zn) in Cs8Zn4Sn42 have much larger ADPs with greater
temperature dependence than that of the framework atoms. Nolas et al.[59] have also
employed Raman scattering to study type I clathrates. From crystal symmetry
considerations and group theory, the Raman active modes can be determined for both the
framework and the guest atoms in the clathrates. It was found that the guest atom at the
6d site contributes two Raman active modes. A theoretical investigation of the “rattling”
guest atoms in type I clathrates, offered by Dong et al.[61] supports the idea of strong
interaction between the localized modes of the guest atoms and the heat-carrying
phonons, resulting in a low κ in the semiconducting clathrates.
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1.2 Synthesis, crystal structure, electronic, and thermal properties of type-II
clathrates
Much less is known about type-II clathrates in terms of possible compositions and
physical properties as compared to the type-I clathrates. A little over dozen compositions
are known to date. One conspicuous aspect of the type-II clathrates is the possibility to
vary the guest content, which directly affects the electrical and thermal properties in these
materials. Structure-property relationships in type-II NaxSi136 clathrates where the guest
content is varied (0 < x < 24) will be discussed in Chapter 5.
The first of the inorganic clathrates discovered are NaxSi136 (0 < x < 24). Kasper et
al.[12] prepared these compositions via thermal decomposition of the Zintl compound
Na4Si4.[12,13,25,62-67]

Na4Si4, which is monoclinic with space group C2/c, was

synthesized by direct reaction of the elements mixed in stoichiometric ratio. The final
product is grayish polycrystalline material that is extremely air and moisture sensitive,
thus the handling must be performed in N2 or Ar-glove box. The sodium content x is
controlled by varying the temperature and time, longer times and higher temperature
yielding lower sodium contents. Several reflections from X-ray diffraction data exhibit a
strong dependence with sodium content, thus allowing for determination of the sodium
content and the relative cage occupancy by the Rietveld method.[68-71] Gryko et al.[38]
showed that after repeated degassing of the NaxSi136 and treatment with concentrated
acids, it is possible to synthesize and “empty cage” of Si136, with sodium content less than
600 ppm Si. Further reduction of the sodium content was achieved by Ammar et al.[72]
by reaction of the clathrate with iodine, resulting in sodium content less than 35 ppm Si.
Experimental observations [73,74] have shown that the Si136 framework is stable under
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pressure up to 11 GPa. No transition to the diamond phase is observed, but an irreversible
transition to the β-Sn structure of silicon was observed at 11.5 GPa, accompanied by a
volume reduction of more than 30%.
A challenge in the preparation of phase pure NaxSi136 through degassing is the
presence of the type-I Na8Si46 clathrate with as much as 45 wt% in the prepared type II
products.[54,68] Efforts have been made to separated the two phases using the difference
in densities of the two phases, however the two phases appear to be inter-grown and their
physical separation seems to be a rather formidable task. This problem however, has now
been resolved (cf. Chapter 2).
Cross et al.[25] derived NaxGe136 from the Zintl precursor Na4Ge4, but in very
small quantities since NaxGe136 forms in a very narrow range of temperatures.[75,76]
Instead, a novel zeolite-like phase Na1-xGe3+z with hexagonal crystal structure forms as a
majority phase.[77] It seems that the subtle structural differences of the two precursors
Na4Si4 (space groupC2/c) and Na4Ge4 (space group P21/c) promote different structures
upon the degassing process. Preparation of a guest free Ge136 allotrope is feasible through
a chemical process described by Guloy et al.[78] Three-dimensional network of fourbonded Ge atoms forms from the polymerization and oxidation of Ge 94− anions, followed
by soft oxidation at 300 °C in eutectic mixture of dodecyltrimethylammonium chloride
and aluminum trichloride (1:1 molar ratio).
Thermal decomposition of mixed alkali and alkali/alkaline earth silicides also
form type-II clathrate compositions. Cs8Na16Ge136 has been synthesized by thermal
decomposition of CsxNa1-xSi.[79]

Rb8Na16Ge136 has been synthesized by thermal

decomposition of RbxNa1-xSi.[80] Although the product consist of several different
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phases, synthesis of Ba8Na16Si136 via thermal decomposition of Na2BaSi4, has also been
reported.[81]
Arguably the most straight-forward way of synthesizing clathrates is by direct
synthesis of the pure elements mixed in the desired stoichiometric ratio. Two aspects that
have to be taken into consideration are, first, the final product does not necessarily reflect
the initial stoichiometry, and second, due to the high vapor pressure of the alkaline metals
and their reaction with quartz glass, reactions have to be performed in sealed metal
vessels. Noting that the formation of type-II clathrates is facilitated when the relative
sizes of the guest and the “cage” are matched, Bobev and Sevov [28,82] first synthesized
A8Na16E136 clathrates (A= Cs, Rb; E = Si,Ge) by reaction of the high purity elements
inside sealed niobium capsules. The mixtures were held at 650οC for three weeks, and
then slowly cooled to room temperature. Later, Nolas et al.[83-85] used similar method to
synthesize these compounds for further characterization. The only Sn clathrate-II
compound reported to date, Ba16Ga32Sn104, was described as being synthesized [86] by
reaction of a mixture of K:Ba:Ga:Sn in the ratio 8:16:32:104, with no K present in the
final compound.
The compositions synthesized by the method described above can be used as
precursors for synthesizing new compositions. For example, Gryko et al.[65] synthesized
the new clathrate composition Cs8Ge136 by continuous heating of Cs8Na16Ge13 (x < 16)
under high vacuum causing sodium to “degas” from the clathrate, leaving Cs
incorporated in the structure. Rb8Ge136 can be prepared in a similar manner.[75]
Beekman et al.[87] reported a novel route for the synthesis of type-II Na24Si136
crystals using Spark Plasma Sintering (SPS). Na4Si4 was used as a precursor in the SPS
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system, and reacted at 600οC for desired amount of time, yielding bluish crystals with
composition Na24Si136. Simon et al.[88] synthesized crystalline nano-sized particles of
clathrate-II phases KxGe136 and NaxSi136. The particles were obtained from a dispersion of
alkali metal tetrelides in ionic liquids based on DTAC/AlCl3, which were slowly heated
to 120-180 oC. The nanoparticles were bullet-shaped with typical dimensions of about 40
nm in width and 140-200 nm in length. Recently Stefanoski et al. reported on the
synthesis of type-II Na24Si136 [52] and K17.8Si136 [89] clathrates using vapor-phase
intercalation with graphite. This was the first time a clathrate-II composition K24-xSi136
has been reported. Partially-filled single-crystal NaxSi136 (0 < x < 24) have also been
synthesized [90] by thermal decomposition of single-crystal Na24Si136 in a vertical tube
furnace at 405oC. Details of the synthesis and properties of these materials will be
discussed in Chapters 2, 3, and 5.
Table 1.1 summarizes the type-II clathrates reported to date. From Table 1.1 it is
clear that although substantial advances have been realized significant scientific effort
remains in order to further investigate different methods of synthesis, as well as their
physical and structural characterization.
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Table 1.1 Type-II clathrates, synthesis methods and lattice parameters.
______________________________________________________________________________________
Composition
Synthesis method
Lattice parameter a (Å)
Reference
______________________________________________________________________________________
Si136

Degassing of NaxSi136

14.62601(9)

55

NaxSi136

Decomposition of NaSi

14.62601(9) ≤ a < 14.70704(1)

25, 55

(0 ≤ x < 24)
Na24Si136

SPS; Vapor-phase method

14.7157(2); 14.7121(1)

87; 52

K17.8Si136

Vapor-phase method

14.7264(6)

89

Cs7Si136

Decomposition of CsSi

14.64

25

Rb8Na16Si136

Direct reaction of elements

14.7400(4)

28

Cs8Na16Si136

Direct reaction of elements

14.7560(4)

28

Ba8Na16Si136

Decomposition of Na2BaSi4

14.69

76, 81

Ge136

Chemical reaction

15.2115(1)

82

Cs8Ge136

Degassing of Cs8Na16Ge136

15.329

62

KxGe136

Oxidation in ionic liquid

15.302(1)

91

(0 ≤ x < 24)
Rb8Na16Ge136

Direct reaction of elements

15.4858(6)

28

Cs8Na16Ge136

Direct reaction of elements

15.4805(6)

28

NaxGe136

Decomposition of NaGe

15.4

Rb8Ge136

Degassing of Rb8Na16Ge136

(4 < x < 23)

25

15.3

75

Ba16Ga32Sn104
Direct reaction of elements
17.054(1)
86
______________________________________________________________________________________

Type-II clathrates have a face-centered cubic crystal structure, with the
Fd3̄m space group. There are two types of face-sharing polyhedra in the clathrate-II
structure, sixteen 20-membered pentagonal dodecahedra (E20, point symmetry Ih) and
eight 28-membered hexacaidecahedra (E28, point symmetry Td) per unit cell (Figure 1.4).
The pentagonal dodecahedra contain twelve pentagonal faces [512], whereas the
hexacaidecahedra contain twelve pentagonal and four hexagonal faces [51264]. All of the
atoms participating in the structure of the type II clathrates are tetrahedrally (sp3)
coordinated. There are five distinct crystallographic sites: 96g, 32e and 8a for the
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framework atoms, and 8b and 16c at which the host atoms reside inside the polyhedra.
Unlike in the clathrate-I structure, E20 are linked to each other sharing faces, packed in an
alternating order.[37]

(a)

(b)

E28
E20

Figure 1.4 Crystal structure of type-II clathrates viewed down [ 101 ] (a). The 8b and 16c crystallographic
sites occupied by guest atoms are shown in yellow and red, respectively. The cubic unit cell is composed of
sixteen pentagonal dodecahedra E20 and eight hexakaidecahedra E28 that share faces (b).
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The general formula for the type II clathrates is A8B16E136 (A = guest in E28, B =
guest in E20, and E = Si, Ge, Sn or substituents). The crystal structure of the type II
clathrates can be viewed as dual to the MgCu2 structure, which means that if the 16c sites
in the E20 cages are substituted by Cu atoms, and the 8b sites in the E28 cages are
substituted by Mg atoms, the structure of MgCu2 can be obtained.[39,92-95] We may
think of the type II clathrates as expanded forms of Si, Ge or Sn. The volume per
framework atom is as much as 20% larger in the clathrate structure relative to the
diamond structure, although the bond lengths, in both the diamond and the type-II
clathrates, are relatively close. The average number of atoms per ring is 5.064 and is the
smallest for any known structure.
The clathrate-II structure is responsible for some of the unique properties of
clathrates. The unique optical properties in porous Si [96] initiated further investigations
of the electronic properties of Si clathrates. Experimental observations [40] verified that
the band gap of Si136 allotrope is expanded by approximately 0.9 eV relative to the
diamond structured α-Si (band gap of approximately 1.1 eV), promoting this material as a
novel wide-band gap semiconductor. This widening of the band gap has been attributed
[7] to a slight distortion of the ideal tetrahedral coordination observed in α-Si, as well as
the high density of 5-membered rings in the structure of the Si136 allotrope. Theoretical
investigations [38] of the clathrate-II Si136-xGex alloys, that have as yet not been
experimentally synthesized, show a direct band gap for a range of x. In addition varying x
can also tune this range from 1.2 to 2 eV making them promising materials for
optoelectronic and photovoltaic applications.
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Nolas et al.[83] have measured the temperature dependence of ρ and S for
Cs8Na16Si136 and Cs8Na16Ge136 (Figure 1.5). Theoretical calculations [62,78] corroborate
these experimental data. ρ increases monotonically with the temperature for both
compositions, as typical for metals, consistent with the high carrier concentrations (>1021
cm-3). In contrast to these compositions, the guest free Si136 [40] and Ge136,[78] as well as
the lower Na content NaxSi136.[25,66] exhibit semiconducting behavior. It is important to
note that the rigid-band model was employed in the calculations, where the
electropositive guest atoms donate their electrons to the electronegative host atoms. The
donated electrons occupy the framework conduction band levels. The metallic behavior
of ρ has been corroborated by Nuclear Magnetic Resonance (NMR) measurements.
[65,77,97-101] The observed Knight-shifts in these materials originate in the hyperfine
interactions between the nuclei and the delocalized conduction electrons. In most metallic
materials, the Knight-shifts are observed to be temperature independent however for
certain

type

II

clathrates,

for

example

NaxSi136,[99,100]

Cs8Ge136,[65]

and

Rb8Na16Si136,[78] these shifts show a significant temperature dependence. The sharp
peaks in the electronic density of states (EDOS) near the Fermi level are responsible for
this type of behavior.[99] It has been observed that the electrical properties of NaxSi136
are strongly dependent on the Na content.
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Figure 1.5 S (square symbols) and ρ (round symbols) as a function of temperature for polycrystalline
Cs8Na16Si136 (filled symbols) and Cs8Na16Ge136 (open symbols).[83]
Reprinted with permission from ref. [83] Copyright (2002), American Institute of Physics.

Clathrates meet the phonon-glass part of the criterion for the PGEC concept in
part because of the oversized cages encapsulating loosely bound atoms. This offers a
promising perspective for the thermal properties of these materials. Nolas et al.[83] have
shown the temperature dependence of the isotropic atomic displacement parameters
(ADP or Uiso) of the host atoms for A8Na16E136 (A = Rb, Cs; E = Si, Ge). It is evident
from Figure 1.6 that the larger the size-difference between the cage and the guest atoms,
the lager the ADP. Bobev and Sevov [28] have estimated the relative size of the guest
and cage by subtracting framework atomic radii from the shortest guest-framework atom
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distances, compared to the ionic radii of the guests. The cages are “oversized” compared
to the guest atoms, leaving them a lot of “room” to “rattle”.

Figure 1.6 Temperature dependent isotropic atomic displacement parameters (Ueq)
for the Rb8Na16Si136 and Rb8Na16Ge136.[83]
Reprinted with permission from Ref. 83 Copyright [2002], American Institute of Physics.
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Hermann et al.[102] proposed a model in which the guest atoms can be considered
a 3D-“Einstein” oscillators whose frequency of oscillation can be estimated from the
simple relation Uiso=kBT/m(2πv)2, where kB is the Boltzmann’s constant, m is the mass of
the “rattler”, T is the absolute temperature and v is the frequency of vibration.
Because of the metallic nature of Cs8Na16Si136 and Cs8Na16Ge136 their κ appears
to be dominated by the electronic component of the total thermal conductivity,

κe.[83,104] Figure 1.7 shows the temperature dependence of κ for the semiconducting
allotrope Si136 from Nolas et al.[104] As shown in the figure Si136 has a very low κ, an
order of magnitude lower than that of diamond-structure Si and comparable in magnitude
with amorphous SiO2. The low κ of Si136 relative to diamond silicon can be understood in
terms of the combined increase in unit cell size and open-framework structure of the
former with respect to the latter.[105,106]
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Figure 1.7 κ as a function of temperature for polycrystalline Si136 and a-SiO2.[104]
The solid line indicates a temperature dependence of T 3
Reprinted with permission from Ref. 104. Copyright [2003], American Institute of Physics.
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1.3 Synthesis, crystal structure, electronic, and thermal properties of type-VIII
clathrates
There are only four known clathrate-VIII compositions to date: Eu8Ga16Ge30,[24]
Ba8Ga16Sn30,[107,108] Sr8AlxGayGe46-x-y,[109] and Ba8Ga16-xCuxSn30.[110] Eu8Ga16Ge30
and Ba8Ga16Sn30 have high-temperature modifications with the clathrate-I structure.[111]
Paschen et al.[24] synthesized the type-VIII Eu8Ga16Ge30 by melting a
stoichiometric mixture of the elements into an open glassy-carbon crucible which was
positioned in a quartz tube inside the coil of the high frequency furnace. The crucible was
slowly heated to a maximum temperature of 950 oC, cooled down to 750 oC, and then
cooled to room temperature.
Single-crystal Ba8Ga16Sn30 was synthesized by high-frequency induction melting
of the pure elements in open glassy-carbon crucibles in an argon atmosphere. They were
annealed at 663 K for 11 days and then at 713 K for 10 days, followed by waterquenching.[108] Taking into account the low melting point of Sn (230 oC), stannides in
general are prepared by annealing without pre-treatment.[37]
Sasaki et al.[109] prepared Sr8AlxGayGe46-x-y ingots by arc-melting mixtures of the
pure elements in the desired composition ratios in an argon atmosphere. The obtained
ingots were then ground into fine powders and sintered by spark-plasma sintering method
at 893-943 K for 30 minutes under 40 MPa with graphite dies.
Deng et al.[110] synthesized single-crystals of Ba8Ga16-xCuxSn30 by the Sn-flux
method. The high purity elements were mixed in the desired atomic ratios in an argon
atmosphere and then sealed in evacuated quartz tubes. The mixture was heated slowly to
763 K, soaked for 10 hours, and then slowly cooled to 663 K over 50 hours.
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Type-VIII

clathrates

have

a

cubic

crystal

structure,

with

the

non-

centrosymmetrical I43m space group [37] (Figure 1.8). The clathrate-VIII structure,
unlike the clathrate-I structure, is built of only one type of polyhedron, a distorted
pentagonal E20 centered at the 8c crystallographic site. This kind of polyhedron can be
derived from the E20 pentagonal dodecahedron by breaking three E-E bonds and creating
nine new ones by adding three more E atoms.[24] The clathrate-VIII crystal structure
contains small eight-vertex cavities which are vacant, since it is impossible to fill the
complete space with these distorted polyhedra.[37]
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(a)

(b)

E20

Figure 1.8 Crystal structure of type-VIII clathrates viewed down [101] (a). Ther 8c crystallographic sites
occupied by guest atoms is shown in red. Distorted pentagonal dodecahedron E20 (b).

The formula of an ideal clathrate-VIII compound is A8E46, (A = Eu, Sr, Ba, E =
Ga, Ge, Sn, Cu, Al).[20, 107-110] There are four distinct crystallographic sites: 12d, 2a,
24g, and 8c for the framework atoms, and only one site, 8c, at which the guest atoms
reside.
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Compositions with a clathrate-VIII crystal structure show some very interesting
physical properties which makes them interesting for thermoelectric and magnetocaloric
applications.[110,34] Even though charge balance is achieved in the ideal [Eu+2]8[Ga1

]16[Ge0]30 composition, the resistivity measured by Paschen et al.[24] increases with

increasing temperature, typical for metallic compounds (Figure 1.9). This may be an
indication that the real composition is different from the nominal one, resulting in excess
charge carriers that contribute to the metallic behavior.[112]

VIII
I

Figure 1.9 Resistivity as a function of temperature for clathrate-VIII and I Eu8Ga16Ge30.[20] The anomalies
at T = 9.6 K and T =37 K are attributed to magnetic phase transitions.[24,34,114]
Reprinted with permission from ref. 24. Copyright (2001) by the American Physical Society.

The room temperature resistivity value for clathrate-VIII Eu8Ga16Ge30 is
approximately four times lower than that of Ba8Ga15.8Cu0.02Sn30.1 [110] which can be
explained with the lower carrier concentration of the former (~3 × 1019 cm-3) [20] as
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compared to the later (3.8 × 1020 cm-3) composition.[110] Theoretical calculations show a
rather complicated band structure for clathrate-VIII Ba8Ga16Sn30. A peak appears in the
fundamental gap, which was attributed to the hybridization of Ba bonding orbitals and
Sn/Ga network.[113] The increased carrier mobility upon Cu-doping in Ba8Ga16-xCuxSn30
results in a ~40% decrease in resistivity as compared with that of undoped specimens,
while maintaining the carrier concentration relatively unchanged.[110] The absolute
value for S is reduced only 10% and its room temperature value is four times higher than
that of clathrate-VIII Eu8Ga16Ge30 shown in Figure 1.10.

VIII
I
VIII
I

Figure 1.10 Seebeck coefficient as a function of temperature for clathrate-VIII and I Eu8Ga16Ge30.[20] The
anomalies at T = 9.6 K and T =37 K are attributed to magnetic phase transitions.[24,34,114] The low- and
higher-temperature limits of the free electron diffusion thermopower Sd are plotted as straight lines.
Reprinted with permission from ref. 24. Copyright (2001) by the American Physical Society.

Figure 1.11 shows κL for clathrate-VIII Eu8Ga16Ge30 as compared with that of
clathrate-I Eu8Ga16Ge30. As discussed previously, the resonant deep in κL is attributed to
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the scattering of the framework-derived heat-carrying acoustic phonons by the
anharmonic vibrations of the guest atoms.[24,36] Clathrate-VIII Eu8Ga16Ge30 has only
one type of cage enclosing the Eu-“rattlers”. Clathrate-I Eu8Ga16Ge30 has two different
cages enclosing the Eu atoms and therefore more resonant frequencies exist in clathrate-I
as compared to clathrate VIII. This combined with the fact that E24 in clathrate-I are
larger than the E20 which offer more room for Eu to “rattle” explains the higher κL of
clathrate-VIII as compared to clathrate-I Eu8Ga16Ge30.

VIII
I

VIII
I

Figure 1.11 Lattice thermal conductivity, κL, as a function of temperature for clathrate-VIII and I
Eu8Ga16Ge30.[24] The inset shows the electronic contributions, κe, to the total thermal conductivity.
Reprinted with permission from ref. 24. Copyright (2001) by the American Physical Society.
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1.4 Clathrates for thermoelectric applications
The efficiency of thermoelectric materials is measured by the figure of
merit,[117,118] ZT= S 2σT/κ, where κ=κL+κe, and T is the absolute temperature. To
achieve a maximum efficiency, one needs to optimize ZT by maximizing S and σ, but at
the same time reducing κ. Definitions and details on the measurement of S, σ, and κ are
given in the Appendix I.
Since the most promising materials for thermoelectric applications typically have
carrier concentrations of approximately 1019 carriers/cm3, Ioffe [120] suggested searching
for good thermoelectrics within the mixed semiconductors comprised of heavy atoms. It
was also suggested by Mahan [121] that an energy gap of about 10 kBT is desirable for
thermoelectrics. One approach to identify potential thermoelectric materials is the
“Phonon-Glass Electron-Crystal” (PGEC) proposed by Slack,[16] according to which an
ideal thermoelectric material will have thermal properties similar to that of glass, and
electric properties akin to that of single-crystals. One material system that fulfills the
PGEC requirements is the clathrate material system. Clathrates posses weakly bonded
atoms or molecules encaged in a host framework that can scatter phonons effectively [17]
resulting in a low thermal conductivity, which combined with the possibility of varying
the carrier concentration [17] and framework substitution [117,122] in these materials,
offers a “tuning” mechanism for optimizing the figure of merit ZT. Due to an accelerated
research in the past decade there is significant progress in obtaining ZT values higher than
the long standing limit of ZT~1. Figure 1.12 shows ZT versus temperature for selected
clathrate-I and VIII compositions. Clathrate-I Sr8Ga16Ge30 shows a ZT of 0.3 at room
temperature, although theoretical calculations [123] suggest that optimized compositions
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of Sr8Ga16Ge30 could reach a ZT of 1.7 at 800 K. Deng et al.[110] reported ZT of 1.4 at
500 K for clathrate-VIII Ba8Ga15.8Cu0.02Sn30.1.

1.6

Eu8Ga16Ge30 [116]
Sr8Ga16Ge30 [115]

1.4

Ba8Ga16Ge30 [115]
Ba8Ga16Ge30 [117]

1.2

Sr8Al6.3Ga10.3Ge29.4 [109]
Ba8Ga15.8Cu0.02Sn30.1 [110]

ZT
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Figure 1.12 ZT as a function of temperature for selected clathrate-I and VIII compositions.

The discovery of new materials is necessary in order to increase the efficiency of
the thermoelectric materials and obtain high ZT values. There is an ongoing debate within
the scientific community whether thermoelectrics can be considered a viable alternative
energy source. Although it is clear that thermoelectrics cannot be used for large scale
energy-production,[119] their perspective for small-scale waste-heat and automotive
power conversion and distributed energy delivery is quite promising.
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2. New simple approach for selective crystal growth of intermetallic clathrates
The recent development of novel and unconventional synthetic routes for
preparing intermetallic clathrates is motivated by the unique structure-property
relationships these materials display [20,23,124] and potential for solid state energy
conversion applications.[7-10,32,117] Many effective synthetic tools for preparing new
stable and metastable compositions, otherwise inaccessible by conventional solid state
synthesis or crystal growth methods, were discussed in Chapter 1. Whereas single
crystals

are

readily

grown

using

established

techniques

[125,126]

or

flux

synthesis,[127,128] crystal growth of many intermetallic clathrate compositions can be
challenging.[53] In such cases the identification of effective and easily implemented
methods for crystal growth is prerequisite to gaining a better understanding of their
intriguing structural and physical properties.
The relative chemical simplicity of the prototypical [12] clathrate-I A8E46 and
clathrate-II A24E136 (A = alkali metal, E = Si or Ge) is ideal for understanding
fundamental structure-property relationships in intermetallic clathrates.[129,130]
However, the synthesis of these binary systems has historically been complicated by the
simultaneous formation of two different clathrate structure types (clathrate-I and
clathrate-II), which are characterized by nearly identical compositions. Typically
prepared only in microcrystalline form by thermal decomposition of A4E4 under vacuum
or argon atmosphere,[12,25,54,67-69,131] achieving a homogenous product of either
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phase remains non-trivial.[132] Moreover, a rational, generally applicable, and accessible
method for selective, phase pure crystal growth of these materials has not yet been
proposed. Na24Si136 single crystals were prepared for the first time by an unconventional
approach using spark plasma treatment of Na4Si4.[87] Herein we demonstrate the
selective, phase pure, single-crystal growth of

AxSi46 and AySi136 (A = Na, K)

intermetallic clathrates. We will further refer to this method as the vapour-phase
intercalation method. The approach appears promising for accessing regions of the
equilibrium diagram that can be otherwise difficult to reach due to the greatly differing
properties of the constituent elements.

2.1 Synthesis of single-crystal clathrate-I Na8Si46 and clathrate-II Na24Si136 via the
vapor-phase intercalation method
By example of the Na-Si system which has historically received the most
attention,[53] we have taken certain factors into consideration in order to guide our
approach: (i) Linked to the relatively high vapour pressure of Na over the compound,
thermal decomposition of the precursor Na4Si4 under dynamic vacuum or inert
atmosphere in open vessels occurs at relatively lower temperatures (350 oC to 450 oC,
depending

on

vessel

and

environment),

resulting

in

microcrystalline

products.[25,67,68,131,132] (ii) Na4Si4 is stable (with respect to decomposition) under
sufficient Na partial pressure in closed (i.e., sealed) vessels, and melts congruently at 800
o

C.[133] (iii) Since the clathrate products are deficient in Na relative to Na4Si4 (which is a

line compound), nucleation and growth for both Na8Si46 and Na24Si136 will likely require
a controlled and continuous shift toward the Si-rich composition, and mass transport must
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take place. In light of these considerations, if a relatively high partial pressure of Na
could be maintained and adequate mass transport facilitated upon crystal nucleation as
the composition of the precursor is continuously changed, growth of single crystals might
be achieved.
Na metal (99.95%) and Si lump (99.9999%) were used as purchased from Alfa
Aesar. Surface contamination of the Na metal was removed with a scalpel in a dry,
purified N2 glovebox. Si was also ground under N2 to promote reaction. Crystalline
Na4Si4 was prepared by direct reaction of elemental Na and Si in the Na:Si mass ratio
1.1:1 under N2 in sealed stainless steel vessels at 650 oC for 36 hours. Before use for
clathrate crystal growth, NaCl powder (99.99 %) and graphite flake (99.9 %) were dried
by heating in high vacuum at 300 oC. After reaction, the crystals are recovered from the
unreacted Na4Si4 precursor matrix by controlled dissolution of the remaining Na4Si4 in
ethanol and distilled water under nitrogen atmosphere. Extreme caution should be used
since Na4Si4 can react explosively with moisture or air.
Alkali metal is slowly removed from the Na4Si4 precursor by reaction of the vapor
phase with spatially separated graphite, in an effectively closed volume under uniaxial
pressure. A customized reaction vessel comprising a simple punch and die design was
constructed such that uniaxial pressure was applied to the specimen while heated in a
tube furnace. The Na4Si4 precursor is coarsely ground under dry nitrogen atmosphere and
loaded into a stainless steel die assembly, along with high purity graphite flake loaded
above and below the Na4Si4 precursor. (Figure 2.1) To prevent the adhesion between
graphite and clathrate crystals, which occurred on first attempts, a 1 mm thick layer of
dry NaCl powder is introduced between the Na4Si4 precursor and graphite.
35

a
NaCl
Na4Si4

graphite
flake
graphite
foil

Figure 2.1 Customized stainless steel reaction vessel comprising
punches and die with the initial configuration of the precursors.
Reprinted with permission from Stefanoski et al., Chem. Mater. 23, 1491, (2011).
Copyright (2011) American Chemical Society.

The NaCl layer serves as an effective passive physical barrier to direct reaction
between graphite and Na4Si4, but allows diffusive exchange of Na via the vapour phase.
This C-NaCl-Na4Si4-NaCl-C “sandwich” is encapsulated on all sides by graphite foil to
impede the escape of Na vapor, then compressed and clamped under uniaxial pressure of
115 MPa at room temperature. The entire assembly is introduced into a fused silica
ampoule, coupled to a vacuum system, evacuated to 10-6 torr, and heated at the desired
reaction temperature under dynamic vacuum. As shown in Figure 2.2, by reaction at
appropriate temperature, selective single crystal growth of both Na8Si46 and Na24Si136 is
achieved.
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Figure 2.2 Selective crystal growth of clathrate-I Na8Si46 and Na24Si136.
Reprinted with permission from Stefanoski et al., Chem. Mater. 23, 1491, (2011).
Copyright (2011) American Chemical Society.

Powder X-ray diffraction patterns were collected with a Bruker D8 Focus
diffractometer in Bragg-Brentano geometry using Cu Kα radiation and a graphite
monochromator. NIST Si 640c internal standard was used for determination of lattice
parameters. Annealing Na4Si4 at 585oC results in a formation of single crystals of Na8Si46
(lattice parameter a = 10.1962(9) Å) with the purity of the product material confirmed by
X-ray analysis on powdered specimens (Figure 2.2). When the annealing temperature
was increased to 600oC, peaks (indicated by ∗ in Figure 2.2) of the type-II Na24-xSi136
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phase start appearing. This may indicated that at higher temperatures the type-II phase is
the more stable phase. Indeed, at temperatures of 665oC it was found that only crystals of
Na24Si136 (a = 14.7167(8) Å) form. The clathrate product can be readily separated from
the remaining unreacted Na4Si4 precursor by careful, controlled dissolution under inert
atmosphere in ethanol and then distilled water. The purity of the product material was
confirmed by X-ray analysis on powdered specimens. No peaks due to Na8Si46 were
observed in the XRD spectrum, which has been a problem in synthesizing the type-II
Na24Si136 clathrate [63]. Long term annealing at 700oC leads to the decomposition of the
type-II phase to elemental Si (the respective Si peaks in the XRD spectrum are indicated
by ∇ in Figure 2.2). Another set of experiments was performed to analyze the formation
of different phases for different times, resulting in different yield of the product material,
with the respective phases still being observed at the appropriate temperatures according
to Figure 2.2. We found that the highest yield (8.5% and 6% for Na8Si46 and Na24Si136,
respectively, relative to the starting mass of the precursor) was achieved at approximately
8 hours, and eventually after annealing the precursor for more than 24 hours the
clathrates decompose to elemental Si.
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We propose (Figure 2.3) that Na vapor, released from the Na4Si4 precursor, reacts
with the spatially separated graphite, forming intercalation compounds NaxC.

a

b

c

NaCl
Na4Si4

graphite
flake

Na

graphite
foil

clathrate
nuclei

NaxC

clathrate
single
crystals

Na

Figure 2.3 Simple schematic illustrating the presumed Na8Si46 and Na24Si136 crystal growth processes.
(a) The initial precursor configuration, under uniaxial pressure in the stainless steel punch and die.
(b) Local composition change and nucleation of the clathrate phase.
(c) Formation of intercalated graphite and clathrate crystal growth.
Reprinted with permission from Stefanoski et al., Chem. Mater. 23, 1491, (2011).
Copyright (2011) American Chemical Society.

Powder X-ray diffraction of the graphite flake recovered after the reaction confirms
the presence of a mixture of stages of Na intercalated graphite (Figure 2.4). Presumably,
the vapor pressure of Na over the intercalated graphite is less than that over Na4Si4, such
that the intercalation of the graphite results in further release of Na from the precursor in
order to locally maintain the Na vapor pressure over the precursor (le Chatelier’s
principle). Continued reaction to form NaxC continuously drives the composition in the
precursor Si rich. Nucleation of the respective clathrate phase ensues as the Na content of
the sintered body is reduced, and the continuously applied uniaxial pressure facilitates
mass transport between precursor and growing crystal.
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Figure 2.4 XRD-pattern for the graphite before and after the reaction
showing the reflections from the (00l) planes.
Reprinted with permission from Stefanoski et al., Chem. Mater. 23, 1491, (2011).
Copyright (2011) American Chemical Society.
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The rates of these dynamic processes are expected to be limited by mass exchange
through the vapor phase, as well as diffusion of Na out of the precursor and the reaction
kinetics of NaxC formation. Precursor approaches such as this may prove useful to access
regions of equilibrium diagrams that are otherwise difficult to reach due to the difficultly
in controlling composition during nucleation and growth.
Scanning electron micrographs (SEM) were collected using a JEOL JSM6390LV, and energy dispersive X-ray spectroscopic (EDS) data were collected using an
Oxford INCA X-Sight 7582M. From EDS analysis, stoichiometries of Na7(1)Si46 and
Na23(1)Si136 were calculated for clathrate-I and clathrate-II crystals, respectively,
consistent with single-crystal structure refinements. EDS detected only Na and Si to be
present in the crystals. Na8Si46 crystals are repeatedly observed to form as truncated
cubes, whereas Na24Si136 formed with pyramidal habit. Twinned crystals as shown in
Figure 2.5 are observed for Na24Si136, but rarely for Na8Si46. These observations are
consistent with high resolution transmission electron microscopy studies [134] on
microcrystalline NaxSi136 (x < 24) and Na8Si46 specimens obtained from thermal
decomposition of Na4Si4. In spite of the propensity for twining in this crystal system,
relatively large single crystals of Na24Si136 are nevertheless obtained.
In addition to Na4Si4, we have applied our approach to other alkali metal tetrelide
precursors, using similar conditions to those described above. Selective crystal growth of
clathrate-I K7.5Si46 (a = 10.272(4) Å) and clathrate-II K17.8Si136 (a = 14.723(1) Å) was
also successfully achieved from the precursor K4Si4 (using NaCl as the barrier to direct
reaction). Structural and physical properties of these crystals are discussed in details in
Chapter 3. To our knowledge, the K24-xSi136 clathrate was synthesized unequivocally for
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the first time,[89] reflecting substantial promise of this approach to obtain novel
clathrate-II compositions. Single crystals of the ternary clathrate-II Na16Cs8Ge136 of
significantly larger size than those typically obtained from direct reaction of a
stoichiometric mixture of the elements are also prepared from the ternary precursor
NaCsGe2.
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e
Figure 2.5. Scanning secondary electron micrographs
of Na8Si46 single crystals (a, b) grown at 585 oC,
Na24Si136 single crystals (c, d) grown at 665 oC,
and K7.5Si46 single crystals (e). The reaction time for
the Na-Si clathrates was 8 hours, and for the K-Si
clathrates 15 hours. Reprinted with permission from
Stefanoski et al., Chem. Mater. 23, 1491, (2011).

50 μm

Copyright (2011) American Chemical Society.
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2.2 Single-crystal X-ray diffraction studies of single-crystal clathrate-I Na8Si46 and
clathrate-II Na24Si136
Single-crystal X-ray diffraction data for both Na8Si46 and Na24Si136 were collected
at 200(2) K on a three-circle diffractometer system equipped with Bruker Smart Apex II
CCD area detector using a graphite monochromator and a MoKα fine-focus sealed tube
(λ= 0.71073 Å). Structure refinement for Na8Si46: R1 = 0.0110 for I > 2σ(I) and wR2 =
0.0254 for all data; GOF = 1.000, largest peak: 0.215 e–/Å3; largest hole: -0.120 e–/Å3;
Calculated density: 2.312 g/cm3. Structure refinement for Na24Si136: R1 = 0.0115 for I >
2σ(I) and wR2 = 0.0290 for all data; GOF = 1.000; largest peak: 0.203 e–/Å3; largest hole:
-0.122 e–/Å3; Calculated density: 2.280 g/cm3. The results from the single-crystal
refinement are tabulated in Tables 2.1-2.4. More crystallographic data, as well as details
on the single-crystal refinement, are given in Appendix II.

Table 2.1 Atomic coordinates and equivalent* isotropic atomic displacement parameters
(Å2) for Na8Si46.
______________________________________________________________________________
Atom

Wyckoff
x/a
y/b
z/c
Ueq
position
______________________________________________________________________________
Na1

2a

0.0000

0.0000

0.0000

0.0145(3)

Na2

6d

0.5000

0.0000

0.2500

0.0296(3)

Si1

24k

0.30782(3)

0.11728(3)

0.0000

0.00637(9)

Si2

6c

0.5000

0.2500

0.0000

0.00621(12)

Si3
16i
0.184101(18) 0.184101(18) 0.184101(18)
0.00638(9)
______________________________________________________________________________
*

Ueq is defined as one third of the trace of the orthogonalized Uij tensor.
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Table 2.2 Anisotropic atomic displacement parameters* (Å2) for Na8Si46.
______________________________________________________________________________
Atom U11
U22
U33
U23
U13
U12
______________________________________________________________________________
Na1 0.0145(3)

0.0145(3)

0.0145(3)

0.000

0.000

0.000

Na2 0.0346(4)

0.0346(4)

0.0196(6)

0.000

0.000

0.000

Si1

0.00635(13)

0.00613(13)

0.00662(13)

0.000

0.000

-0.00025(9)

Si2

0.00603(15)

0.0066(3)

0.00603(15)

0.000

0.000

0.000

Si3 0.00638(9)
0.00638(9)
0.00638(9)
-0.00013(6) -0.00013(6) -0.00013(6)
______________________________________________________________________________

The anisotropic atomic displacement factor exponent takes the form: -2 π2 [ h2a*2U11 +
... + 2hka*b*U12 ]
*

Table 2.3 Atomic coordinates and equivalent* isotropic atomic displacement parameters
(Å2) for Na24Si136.
________________________________________________________________________
Atom

Wyckoff
x/a
y/b
z/c
Ueq
Position
______________________________________________________________________________
Na1**
Na2

48f
16c

0.125
0.5000

0.1250
0.0000

0.1466(7)
0.0000

0.049(3)
0.0152(2)

Si1

8a

0.6250

0.1250

0.1250

0.00613(18)

Si2

32c

0.871284(19)

0.067382(13)

0.067382(13)

0.00649(8)

Si3
96g
0.717951(19) 0.032049(19) 0.032049(19)
0.00636(10)
______________________________________________________________________________
*
**

Ueq is defined as one third of the trace of the orthogonalized Uij tensor.
Na1 occupation factor = 1/6.
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Table 2.4 Anisotropic atomic displacement parameters* (Å2) for Na24Si136.
______________________________________________________________________________
Atom
U11
U22
U33
U23
U13
U12
______________________________________________________________________________
Na1 0.056(4)

0.056(4)

0.034(4)

0.000

0.000

0.000(2)

Na2 0.0152(2)

0.0152(2)

0.0152(2)

-0.0011(3)

-0.0011(3) -0.0011(3)

Si1

0.00613(18)

0.00613(18)

0.00613(18)

0.000

0.000

Si2

0.00683(13)

0.00632(9)

0.00632(9)

0.00040(9)

0.00002(6) 0.00002(6)

Si3

0.00636(10)

0.00636(10)

0.00636(10)

-0.00001(9)

0.00001(9) 0.00001(9)

0.000

______________________________________________________________________________

The anisotropic atomic displacement factor exponent takes the form: -2π2 [ h2a*2U11 +
... + 2hka*b*U12 ]
*

The crystal structures of Na8Si46 and Na24Si136 were accurately refined by single
crystal X-ray diffraction studies, which further confirmed the identity and phase purity of
the single crystals. The resulting refined crystal structures are depicted in Figure 2.6. In
both structures, the silicon framework is characterized by three crystallographically
independent Si atoms, which form two different coordination cages for the Na guests:
Si20 and Si24 in Na8Si46, and Si20 and Si28 in Na24Si136. The single-crystal structure
refinement for Na8Si46 was reported here for the first time.[52] In both phases, full
occupation of all Si framework sites was observed, and both cages in the two clathrate
structures were found to be fully occupied by the Na guests confirming stoichiometric
compositions. Substantial disorder is observed for the guest Na@Si28 in Na24Si136 (Table
2.1), in agreement with a rattling phonon mode and off-centring associated with this
guest.[87,130,135,136] Similar disorder for Na@Si20 in Na24Si136 and Na@Si20 and
Na@Si24 in Na8Si46 was not observed, and can be understood in terms of the relative
sizes of guest and cage.
46

a

47

b

Figure 2.6 Crystal structures of (a) cubic Na8Si46 viewed down [100] and (b) cubic Na24Si136 viewed down
[110], determined from single crystal X-ray diffraction refinements. Silicon atoms are shown in blue,
Na@Si20 in yellow, and Na@Si24 (a) and Na@Si28 (b) in red. Ellipsoids are shown for 99% probability.
Reprinted with permission from Stefanoski et al., Chem. Mater. 23, 1491, (2011).
Copyright (2011) American Chemical Society.

Simulated powder XRD patterns, based on the respective refined crystal structures
obtained from single crystal XRD (vide infra), are also shown for reference (Figure 2.7).
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Figure 2.7 Measured and simulated powder X-ray diffraction patterns for
(a) Na8Si46 and (b) Na24Si136 prepared at 585 oC and 665 oC, respectively,
collected from crushed single crystal specimens. Reprinted with permission from
Stefanoski et al., Chem. Mater. 23, 1491, (2011). Copyright (2011) American Chemical Society.
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Preliminary magic angle spinning

23

Na nuclear magnetic resonance data (not

shown) corroborates the phase purity of the products by the absence of chemical shifts in
the spectra originating from the other corresponding clathrate phase. The ease with which
high quality, phase pure specimens are obtained illustrates the effectiveness of the
method for selective synthesis of the desired clathrate-I or clathrate-II phase,
respectively, which has traditionally been highly challenging using the known synthetic
routes. Moreover, this identifies the first method for selective crystal growth of Na-Si
clathrate-I and clathrate-II, respectively.
It is noteworthy that direct synthesis and crystal growth of these phases from the
elements is unsuccessful, and the available Na-Si equilibrium diagram describes only a
eutectic between Na4Si4 and Si, and the absence of the clathrate phases.[133] In spite of
these considerations, the present approach enables the growth of relatively large single
crystals of both Na8Si46 and Na24Si136.
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3. Single-crystal clathrate-I K7.5Si46 and clathrate-II K17.8Si136
In this chapter the synthesis and physical characterization of single-crystal
K7.5Si46 and K17.8Si136 are discussed. The potassium containing clathrate-I compound
K7Si46 was first reported by Cros et al.[25] From magnetic and electrical measurements
K7Si46 was reported to be a paramagnetic metal. Ramachandran et al.[137] described the
synthesis, structural and electrical properties of K7.6Si46 in microcrystalline form and
corroborated findings from the earlier study. Volmer et al.[138] performed Compton
scattering experiments in order to investigate the charge transfer of K with the silicon
framework. The electronic density of states of K8Si46 was calculated by Moewes et
al.[139] while the phonon density of states was determined by Melinon et al.[140] from
inelastic neutron scattering studies. Böhme et al.[47] employed oxidation of K4Si4 in a
HCl gaseous environment to synthesize K7Si46 in microcrystalline form at a relatively
low temperature. Neiner et al.[141] synthesized hydrogen-encapsulated K8-x(H2)ySi46
using a solid-state reaction between K4Si4 and NH4Br. Raman scattering studies were
also reported on this clathrate-I composition.[140,142,143] The synthesis and structural
properties of the clathrate-II phase K17.8Si136 was achieved by the vapor-phase
intercalation method.[89]
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3.1 Synthesis of single-crystal clathrate-I K7.5Si46 and clathrate-II K17.8Si136
The selective synthesis of K7.5Si46 and K17.8Si136 single-crystals was achieved
starting with the K4Si4 precursor. K4Si4 precursor was synthesized by direct reaction of
elemental K (Alfa Aesar, 99.98%) and Si (Alfa Aesar, 99%) powder in a K:Si atomic
ratio of 1.1:1. The reaction was carried out inside a tungsten crucible that was inside a
sealed stainless steel canister at 550 oC for 36 hours. The resulting product was a dark
gray crystalline material which was then coarsely ground into powder in a dry nitrogen
atmosphere. The synthesis of single-crystal K7.5Si46 and K17.8Si136 was achieved via the
slow controlled removal of K from the K4Si4 precursor by vapor phase intercalation with
spatially separated graphite. The reactants (K4Si4 and graphite) were placed in the custom
designed reaction vessel (c.f. Chapter 2, Figure 2.1) under a uniaxial pressure of 115 MPa
and heated under a dynamic vacuum of 10-6 Torr. Layers of ground NaCl were placed
between the precursor and graphite to prevent adhesion between the crystals and the
graphite. The crystalline NaCl (99.99%) and graphite flakes (99.9%) were dried under
vacuum at 300 oC for 3 hours prior to use. The NaCl acts as a diffusive physical barrier to
direct reaction between the crystals and graphite without preventing the vapor phase
intercalation. By maintaining a sufficient partial pressure of the alkali metal over
graphite, K was removed from the K4Si4 precursor resulting in single-crystal formation.
This technique was first successfully implemented for the synthesis of single-crystal
Na8Si46 and Na24Si136,[52] as discussed in the previous chapter.
The selective synthesis of K7.5Si46 and K17.8Si136 single-crystals is shown in Figure
3.1. The single-crystals were synthesized by maintaining the precursor at 550 oC and 625
o

C for the clathrate-I and II compositions, respectively, for 15 hours. No change in the
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precursor was observed at temperatures below 500 oC. Annealing the precursor at
temperatures higher than 650 oC and longer than 24 hours lead to the formation of the αSi phase. The product of the reaction was separated from the unreacted K4Si4 by washing
with ethanol and distilled water. The crystal yield was 10% for both compositions. The
K7.5Si46 crystals formed in relatively uniform cubes 100 – 200 μm in length whereas the
K17.8Si136 crystals form in a pyramidal habit < 100 μm on the longest side.

o

650 C

Intensity / arb. units

Si
625 oC

K17.8Si136
K7.5Si46 + K24-xSi136

600 oC
550 oC

K7.5Si46
sample holder
K4Si4
20

30

40

50

60

2Θ / degrees
Figure 3.1 Powder X-ray (Cu-Kα) diffraction patterns of Si, crushed crystals of K7.5Si46 and K17.8Si136,
and K4Si4 demonstrating the selective synthesis of the single crystals
at different temperatures starting from the K4Si4 precursor.
Reprinted with permission from Stefanoski et al., Cryst. Growth and Des., 11, 4533 (2011).
Copyright (2011) American Chemical Society.
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In order to compare the structural properties of K17.8Si136 with a clathrate
comparably loaded with Na, a single crystal of Na14.7Si136 was also prepared. Singlecrystal Na14.7Si136 was synthesized by first growing Na24Si136 single-crystals from a
Na4Si4 precursor by reaction of the vapor phase with spatially separated graphite at 665
o

C in a closed vessel under pressure.[52] A few single-crystals obtained in this way were

enclosed in a Tantalum envelope which was sealed inside a quartz tube in a nitrogen
atmosphere and placed in a furnace at 405 oC for two days. Details on synthesis this and
other partially-filled NaxSi136 (0 < x < 24) clathrates will be discussed in Chapter 5.

3.2 Structural properties of clathrate-I K7.5Si46 and clathrate-II K17.8Si136
X-ray data for K7.5Si46, K17.8Si136 and Na14.7Si136 single-crystals were obtained at
200(2) K on a three-circle diffractometer system equipped with Bruker Smart Apex II
CCD area detector using a graphite monochromator and a MoKα fine-focus sealed tube
with a wavelength of 0.71073 Å. Table 3.1 contains the single-crystal refinement
information for K7.5Si46 and K17.8Si136. The atomic positions and atomic displacement
parameters for K and Si for the two compositions are given in Table 3.2a and b.
Table 3.1 Crystallographic and structure refinement data for K7.5Si46 and K17.8Si136
____________________________________________________________________________________________________________

Refinement composition
Space group
Lattice parameter
Density
Absorption coefficient, µ
Goodness-of-fit on F2
R1, I>2σ(I)
wR2, all data
Largest diff. peak
Largest diff. hole

K7.46(1)Si46
Pm3̄n
10.2639(3) Å
2.465 g/cm3
2.096 mm-1
1.183
0.0129
0.0337
0.321e/Å3
- 0.241e/Å3

K17.8(2)Si136
Fd3̄m
14.7264(6) Å
2.474 g/cm3
2.109 mm-1
1.007
0.0220
0.0547
0.387e/Å3
-0.322e/Å3

____________________________________________________________________________________________________________
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Table 3.2a Atomic coordinates and atomic displacement parameters (Å) in the crystal
structure of K7.5Si46 and K17.8Si136.
____________________________________________________________________________________________________________

Atom
Site
x
y
z
Ueq
________________________________________________________________________
K7.5Si46
K1
2a
0
0
0
0.0151(3)
K2
6d
0
1/4
1/2
0.0154(9)
Si1
6c
1/4
1/2
0
0.00577(10)
Si2
16i
0.18422(2)
0.18422(2)
0.18422(2)
0.00603(7)
Si3
24k
0.11829(2)
0.30592(2)
0.000
0.00604(7)
K17.8Si136
K1
16c
0
0
0
0.02017(6)
K2
8b
3/8
1/8
3/8
0.03094(5)
Si1
8a
1/8
1/8
1/8
0.00646(4)
Si2
32e
0.2177(1)
0.2177(1)
0.2177(1)
0.00641(2)
Si3
96g
0.1825(1)
0.1825(1)
0.3709(1)
0.00630(17)
________________________________________________________________________
Table 3.2b Anisotropic atomic displacement parameters (Å) in the crystal structure of
K7.5Si46 and K17.8Si136.
____________________________________________________________________________________________________________

Atom
U11
U22
U33
U23
U13
U12
______________________________________________________________________________________
K7.5Si46
K1
0.0158(3)
0.0158(3)
0.0158(3)
0.000
0.000
0.000
K2
0.01530(12) 0.01530(12) 0.0109(2)
0.000
0.000
0.000
Si1
0.0063(2)
0.00575(13) 0.00575(13
0.000
0.000
0.000
Si2
0.00597(7) 0.00597(7) 0.00597(7)
-0.00008(5)
-0.00008(5)
-0.00008(5)
Si3
0.00608(11) 0.00600(11) 0.00607(11)
0.000
0.000
-0.00017(8)
K17.8Si136
K1
0.0199(6)
0.0199(6)
0.0199(6)
-0.0006(5)
-0.0006(5)
-0.0006(5)
K2
0.0315(5)
0.0315(5)
0.0315(5)
0.000
0.000
0.000
Si1
0.0059(4)
0.0059(4)
0.0059(4)
0.000
0.000
0.000
Si2
0.0059(2)
0.0059(2)
0.0059(2)
0.00006(19)
0.00006(19)
0.00006(19)
Si3
0.0059(2)
0.0063(3)
0.0059(2)
0.00015(13)
0.00039(17)
0.00015(13)
______________________________________________________________________________________

Scanning electron micrographs (SEM) were collected using a JEOL JSM6390LV, and energy dispersive X-ray spectroscopic (EDS) data were collected using an
Oxford INCA X-Sight 7582M. The stoichiometries K7.2(1)Si46 and K17(1)Si136 were
calculated from EDS analyses for the clathrate-I and II compositions, respectively, and
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are consistent with the single-crystal structure refinements. Simulated powder X-ray
diffraction (pXRD) patterns based on single-crystal refinements, shown in Figure 3.2, are
in excellent agreement with the pXRD data obtained from crushed single-crystals. The
pXRD data were collected with a Bruker D8 Focus diffractometer in Bragg-Brentano
geometry using Cu Kα radiation and a graphite monochromator.

Intensity / arb. units

K17.8Si136 experimental

K17.8Si136 calculated

K7.5Si46 experimental

K7.5Si46 calculated

20

30

40

50

60

2Θ / degrees
Figure 3.2 Simulated and measured pXRD patterns for K7.5Si46 and K17.8Si136.
The measured pXRD patterns were collected from crushed single crystals.
Reprinted with permission from Stefanoski et al., Cryst. Growth and Des., 11, 4533 (2011).
Copyright (2011) American Chemical Society.
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The Si framework atoms in clathrate-I K7.5Si46 form two pentagonal Si20 and six
hexagonal Si24 that enclose K inside the polyhedral cavities at the 2a (K1 in Tables 3.2a
and b) and 6d (K2) crystallographic sites, respectively. In clathrate-II K17.8Si136 sixteen
Si20 and eight Si28 encapsulate K at the 16c (K1) and 8b (K2) sites, respectively. The
respective lattice parameters for K7.5Si46 (10.2639(3) Å) and K17.8Si136 (14.7264(6) Å)
are larger than that of Na8Si46 (10.1973(1) Å) [52] and Na24Si136 (14.7121(1) Å).[52] This
may be attributed to the larger ionic radius of K+ as compared to Na+.[58] The increase in
lattice parameter when larger interstitial atoms occupy a similar framework (Si46 or Si136
in this case) has also been observed in ternary clathrate-I compositions.[144]
The isotropic atomic displacement parameters (Ueq) for K inside Si20 (K@Si20) in
K7.5Si46 are comparable to that of K inside Si24 (K@Si24), as shown in Table 3.2a. This is
in contrast to the case of Na8Si46,[52] presumably due to the presence of vacancies at the
K1 sites in K7.5Si46. Ueq for K@Si28 in K17.8Si136 is approximately 1.5 times larger than
that of K@Si20 (Table 3.2a). This may be an indication of dynamic disorder at K2.
Inspection of the anisotropic atomic displacement parameters (Uij) for K7.5Si46 and
K17.8Si136 (Table 3.2b) indicates little anisotropy for K@Si24 and no anisotropy for
K@Si20 and K@Si28 (Table 3.2b). In comparison, Uij for Na@Si24 in Na8Si46 [52,145]
and Na@Si28 in Na24Si136 [52,101,135,146-149] were found to be anisotropic. K@Si28 in
K17.8Si136 is best refined at the center of the polyhedron, i.e. with no positional disorder,
in contrast to the case of NaxSi136 where Na@Si28 may be “off-center”.[69,130,136,146]
Characteristic interatomic distances for clathrate-I and II Na-Si and K-Si derived
from single-crystal X-ray diffraction data are given in Table 3.3. The alkali-Si and Si-Si
atomic distances for K7.5Si136 are similar to those reported previously for polycrystalline
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K7.6Si136.[137] The average Si-Si bond length for K7.5Si46 (2.3857 Å) is larger than that
for Na8Si46 (2.3699 Å). The inclusion of K, with a larger ionic radius than that of Na, in
the Si framework results in a larger unit cell. This is corroborated by the fact that the
average K1-Si (3.3299 Å) and K2-Si (3.6916 Å) atomic distances for K7.5Si46 are larger
than the Na1-Si (3.3160 Å) and Na2-Si (3.6651 Å) atomic distances for Na8Si46 (Table
3.3). In order to compare the structural properties of K17.8Si136 with a Na-Si clathrate-II
compound with less than full Na occupancy on the 16c crystallographic site, singlecrystal Na14.7Si136 was also synthesized.
Table 3.3 Atomic distances (Å) of clathrate-I and II compounds from single-crystal
XRD. Only selected Na2-Si atomic distances for Na14.7Si136 are shown.
________________________________________________________________________
K17.8Si136

Na14.7Si136

K7.5Si46

Na8Si46

________________________________________________________________________________________________
Si1-Si2
Si2-Si1
Si2-Si3

2.3643(9) x 4
2.3640(10)
2.3716(6) x 3

2.3546(11) x 4
2.3535(8)
2.3651(7) x 3

Si1-Si3
Si2-Si2
Si2-Si3

2.4074(3) x 4
2.3388(7)
2.3650(2) x 3

2.3816(3) x 4
2.3279(7)
2.3623(2) x 3

Si3-Si2
Si3-Si3
Si3-Si3

2.3717(6)
2.3760(6) x 2
2.3952(11)

2.3651(7)
2.3546(6) x 2
2.3972(12)

Si3-Si1
Si3-Si2
Si3-Si3

2.4074(3)
2.3650(2) x 2
2.4283(6)

2.3816(3)
2.3623(2) x 2
2.3919(6)

K1-Si1
K1-Si2
K1-Si3
K2-Si2
K2-Si3
K2-Si3

3.18836(13) x 2
3.2757(4) x 6
3.3733(4) x 12
4.0123(10) x 4
3.9295(5) x 12
4.0095(6) x 12

Na1-Si1
Na1-Si2
Na1-Si3
Na2-Si2
Na2-Si3
Na2-Si3

K1-Si2
K1-Si3
K2-Si1
K2-Si2
K2-Si3
K2-Si3

3.2750(4) x 8
3.3665(3) x 12
3.62884(11) x 4
3.8126(2) x 8
3.4679(2) x 8
3.9596(3) x 4

Na1-Si2
Na1-Si3
Na2-Si1
Na2-Si2
Na2-Si3
Na2-Si3

3.1784(4) x 2
3.2645(6) x 6
3.3653(5) x 12
4.212(17) x 2
3.755(18) x 4
4.008(6) x 4

3.2516(2) x 8
3.3590(3) x 12
3.6053(1) x 4
3.7885(3) x 8
3.4307(2) x 8
3.9470(3) x 4

________________________________________________________________________________________________

The average Si-Si bond length for Na14.7Si136 (2.3615 Å) obtained from singlecrystal X-ray diffraction (Table 3.3) is smaller than that of K17.8Si136 (2.3712 Å),
consistent with the larger unit cell of the later composition. This is reasonable given the
average K1-Si atomic distance for K17.8Si136 is 3.3253 Å and the average Na1-Si atomic
distance for Na14.7Si136 is 3.3164 Å. The average alkali-Si atomic distances in Si28 are
approximately equal for K17.8Si136 and Na14.7Si136, and smaller in Si20 for Na14.7Si136 as
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compared to K17.8Si136 (Table 3.3). This implies that the larger lattice parameter for
K17.8Si136, as compared to that for Na14.7Si136, may be due to steric effects that result in an
expansion of Si20 when containing larger interstitial atomic species. In contrast, the fact
that the lattice parameter for K7.5Si46 is larger than that for Na8Si46 may be due to the
larger alkali-Si atomic distances in Si24 (Table 3.3). The expansion of these polyhedra for
both K7.5Si46 and K17.8Si136 is accompanied by an increase in the respective Si-Si bond
lengths, as shown in Table 3.3.
Characteristic bond angles for K7.5Si46 and K17.8Si136 are given in Table 3.4. They
range from 106.045o to 124.161o for K7.5Si46 and from 105.370o to 119.827o for
K17.8Si136. The average values for the angles in Table 3.4 are similar to the ideal sp3
hybridization angle of 109.5o for both compositions. The bond-angles for K7.5Si46 are
similar to that of polycrystalline K7Si46.[137] The bond angles for K7.5Si46 and K17.8Si136
have values in a similar range to that of Na8Si46 [68] and Na14.7Si136, respectively. This,
together with the fact that the Si-Si bond lengths increase in K7.5Si46 and K17.8Si136 as
compared to the respective bond lengths in Na8Si46 and Na14.7Si136, indicates that Si24 in
K7.5Si46 and Si20 in K17.8Si136 expand with K as compared to Na.
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Table 3.4 Selected bond angles for K7.5Si46 and K17.8Si136 from
single-crystal XRD, in degrees
________________________________________________________________________
K7.5Si46
K17.8Si136
________________________________________________________________________
Si(2)-Si(3)-Si(2)

106.162(15)

Si(2)-Si(1)-Si(2)

109.5

Si(2)-Si(3)-Si(1)

106.045(12)

Si(2)-Si(1)-Si(2)

109.5

Si(2)-Si(2)-Si(3)

108.773(11)

Si(3)-Si(3)-Si(3)

108.83(2)

Si(2)-Si(3)-Si(3)

106.625(9)

Si(2)-Si(3)-Si(3)

108.00(3)

Si(3)-Si(2)-Si(3)

110.160(11)

Si(2)-Si(1)-Si(2)

109.5

Si(1)-Si(3)-Si(3)

124.161(7)

Si(3)-Si(3)-Si(2)

105.37(3)

Si(3)-Si(1)-Si(3)

108.380(7)

Si(3)-Si(3)-Si(3)

119.827(4)

Si(3)-Si(1)-Si(3)

108.380(7)

Si(3)-Si(3)-Si(2)

105.37(3)

Si(3)-Si(1)-Si(3)

111.676(15)

Si(3)-Si(3)-Si(3)

108.83(2)

________________________________________________________________________
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3.3 Heat capacity analyses of clathrate-I K7.5Si46 and clathrate-II K17.8Si136
Temperature dependent heat capacity (Figure 3.3) was measured using a
commercial Quantum Design Physical Property Measurement System in the range 2 K <
T < 300 K.[145] The measurements were confirmed using two different powdered
specimen masses of 2 mg each. The standard thermal relaxation methods in a zero
magnetic field in vacuum below 1.3 × 10-5 Pa were employed to obtain the heat capacity
data. Apiezon® N grease was used to achieve thermal coupling between the specimen
and the specimen platform. The platform is coupled to the puck using thin metal wires.
Conduction though these wires is the dominant mode of thermal transfer. In a separate
addenda measurement prior to the specimen measurement, the specimen puck, the
platform, and the Apiezon® N grease were thoroughly characterized. The uncertainty in
the heat capacity measurement is less than 2% throughout the measured temperature
range.
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Figure 3.3 Heat capacity versus temperature for K8-ySi46 and K24-xSi136.

The temperature dependence of the heat capacity, Cp, plotted as Cp / T
function of logT for K8-ySi46 is shown in Figure 3.4.
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Figure 3.4 Cp / T 3 as a function of temperature for K8-ySi46. The solid line is a fit to the data
according to model I as discussed in the text. The inset shows a linear fit to the data
below 5 K according to Cp/T = γ +βT 2.

The data were fit using a theoretical model, whereby the total Cp is represented as a sum
of three contributions [48], the electronic contribution, Cel = γT, from the electrons as heat
carriers, the Debye contribution, CD, originating from the framework, and the Einstein
contribution, CE, arising from the localized vibrations of the Na atoms inside the atomic
“cages”, i.e.
C p = C el + C D + C E ,
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(3.1)

The Debye term is given by [150]
T
C D = 9 N D R
θD





3θ /T
D

∫ (e
0

x 4e x
x

)

−1

2

dx ,

(3.2)

where ND is the number of Debye oscillators per formula unit (ND = 46 for K8-ySi46), and
x=ħω/kBT, with ω being the phonon-angular frequency. The Einstein term is given by
[130]
eθ Ei T
θ 
,
C E = ∑ pi N Ei R Ei 
2
 T  eθ Ei T − 1
i =1
2

N

(

)

(3.3)

where pi are the degrees of freedom, and θEi are the Einstein temperatures associated with
the ith vibrational mode. NEi are the number of Einstein oscillators. In a first
approximation, NEi were taken to be 2 and 6 for K inside Si20 and Si24, respectively,
which corresponds to full-filling of the polyhedral cages. The Sommerfeld coefficient of
the electronic contribution, γ, and the coefficient of the lattice contribution, β, to the heat
capacity were obtained from the linear fit of the data below 5 K (inset in Figure 3.4)
according to
Cp
T

= γ + βT 2

(3.4)

The fitting parameters corresponding to four different models based on the equations
(3.1) - (3.4), together with the Einstein temperatures estimated from our single-crystal
refinement according to
U=

k BT
m(2πν ) 2

and θ E =

hν
kB

(3.5)

where m is the mass of K and ν is the ‘rattling’ frequency, are listed in Table 3.5. The
free parameters (those allowed to be fitted) for each model are given in brackets. In
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modes I and II the Einstein temperatures for K inside Si20 and Si24 are denoted by θE1 and

θE2, respectively. In model III the Einstein temperature for the in-plane K vibration (in
the x-y plane in Figure 3.5) inside Si24 is denoted by θ E 2 and the Einstein temperature for
||

the out-of-plane K vibration (along the z-axis in Figure 3.5) is denoted by θ E 2 .
⊥

65

Table 3.5 Fitting parameters for the Cp / T 3 versus logT curve according to four different
models (I through IV) for clathrate-I K8-ySi46 and calculated values for the Einstein
temperatures from single-crystal XRD for K7.8Si46. The free parameters for each model
are shown in brackets.

K8-ySi46

Model I

Model II

Model III (γ,

(γ, θE1, θE2,

(γ, θE1,

θE1,

Model IV

θD, NE1,

θE2, θD)

θ|E2| , θ ⊥E2 ,θD)

(γ, θD)

XRD

Low-T fit

NE2, ND)
γ (mJ mol-1 K-2)

33

35

38

38

N/A

37

β (mJ mol-1 K-4)

N/A

N/A

N/A

N/A

N/A

3.1

θE1 (K)

126

220

236

N/A

124

N/A

θE2 (K)

145

210

N/A

N/A

134

N/A

θD (K)

242

302

303

298

N/A

299

NE1

1.6

2

1.2

N/A

2

N/A

NE2

4.8

5.5

3.4

N/A
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Figure 3.5 In and out-of-plane vibrations of K inside Si24.
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In models I and II we assume both θE1 and θE2 are isotropic. In model II NE1, NE2
and ND are taken to be constant, assuming full occupancy of the guest and host
crystallographic sites, whereas in model I they were used as free parameters. Both
Einstein temperatures θE1 and θE2 have similar values which is an indication that the there
is presumably no ‘rattling’ in the larger Si24 polyhedral cage. This is corroborated by the
isotropic ADPs in Table 3.2a and the absence of a resonant peak in Figure 3.4, typically
seen when ‘rattling’ is present.[48] The data obtained from the fit in Figure 3.4 are in
reasonable agreement with our XRD data obtained on single-crystal K7.8Si46 and
K17.8Si136 (Table 3.2a and b).
In model III we have taken into account the asymmetry of Si24 by assuming a
two-dimensional in-plane (the x-y plane in Figure 3.5) vibrational motion characterized
by

θ E| 2| and p| | × N E 2 =
12, and a one-dimensional out-of-plane vibrational motion (z-

axis in Figure 3.5) characterized by

θ E⊥2 and p ⊥ × N E 2 = 6. The similar magnitudes of

θ E| 2| and θ E⊥2 can be understood by the relatively large size of K as compared to the size
of Si24. However, the slightly lower value for

θ E| 2| as compared to that for θ E⊥2 is an

indication that K has larger in-plane than out-of-plane vibrational amplitudes. This
anisotropy within Si24 has been observed in ternary compositions.[24,43,59,144]
From the γ values we can estimate the Density of States at the Fermi level, N(EF),
using the relation [48,150]

γ =

π 2 k B2
3

N ( E F )(1 + λe − ph ) ,
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(3.6)

where λe-ph is the electron-phonon coupling. Setting λe-ph to zero as a first approximation,
the value N(EF) = 15.3 states eV-1 per formula unit is obtained, comparable to the value
from density functional theory calculations.[139]
In model IV a full occupancy of the guest and host crystallographic sites was
assumed, and only γ and θD were used as free parameters for the fit. The values obtained
from the fit are in agreement with the results form models I, II and III, as well as those
obtained from the XRD analysis.
Similar analysis was done using the experimental heat-capacity data for the
clathrate-II K24-xSi136, taking ND = 136, NEi = 16 and 8 for K inside Si20 and Si28,
respectively in Equations (3.1) - (3.5). Cp / T
K24-xSi136 is shown in Figure 3.6.
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Figure 3.6 Cp / T 3 as a function of temperature for K24-xSi136. The solid line is a fit to the data
according to model I for sample-I. The inset shows a linear fit to the data
below 3.5 K according to Cp/T = γ +βT 2.

The fitting parameters for the two different samples with clathrate-II K24-xSi136
composition are listed in Tables 3.6a and b.

69

Table 3.6 Fitting parameters for the Cp / T 3 versus logT curve according to two different
models (I and II) for a) sample-I K24-xSi136 and b) sample-II K24-xSi136. Calculated values
for the Einstein temperatures from single-crystal XRD for K17.8Si136. The free parameters
for each model are shown in brackets.
a)
Model I

Model II

(γ, θE1, θE2, θD, NE1, NE2, ND)

(γ, θE1, θE2, θD)

γ (mJ mol-1 K-2)

100

β (mJ mol-1 K-4)

XRD

Low-T fit

111

N/A

92

N/A

N/A

N/A

6.4

θE1 (K)

122

127

111

N/A

θE2 (K)

75

87

89

N/A

θD (K)

377

420

N/A

359

NE1

6.4

9.8

9.8

N/A

NE2

7.1

8

8

N/A

ND

134

136

136

N/A

N(EF) (st. eV-1/f.u.)

N/A

N/A

N/A

39.3

XRD

Low-T fit

K24-xSi136 (sample I)

b)
Model I

Model II

(γ, θE1, θE2, θD, NE1, NE2, ND)

(γ, θE1, θE2, θD)

γ (mJ mol-1 K-2)

96

99

N/A

82

β (mJ mol-1 K-4)

N/A

N/A

N/A

6.4

θE1 (K)

149

148

111

N/A

θE2 (K)

84

92

89

N/A

θD (K)

397

415

N/A

359

NE1

4

9.8

9.8

N/A

NE2

3.3

8

8

N/A

ND

136

136

136

N/A

N(EF) (st. eV-1/f.u.)

N/A

N/A

N/A

34.7

K24-xSi136 (sample II)
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It is clear from Figure 3.6 that a resonant peak exists above 10 K, which is an
indication of K ‘rattling’ inside the larger Si28 polyhedral cages. This is corroborated by
the fact that K2 has approximately 1.5 times larger Ueq value than K1 (Table 3.2a).
Inspection of the anisotropic atomic displacement parameters, Uij, in Table 3.2b shows no
anisotropy, as expected for the symmetric Si28.
The density of states at the Fermi Level was calculated using Equation 3.6 and the
value for γ in Table 3.6a and found to be N(EF) = 38.1 states eV-1 per formula unit. This
value is more than two times bigger that for Na7.5Si46 due to the larger number of carriers
originating from K in clathrate-II K24-xSi136 as compared to clathrate-I K8-ySi46, assuming
the rigid-band model where all of the electrons from K are donated to the valence band of
the Si framework.
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4. Transport properties of single-crystal clathrate-I Na8Si46
The clathrate-I Na8Si46 has been known since the work of Kasper et al.[12] The
synthesis of this composition in microcrystalline form is well known and the structural
properties have been well characterized.[7,9,12,54,68,99,100,140,151-158] The transport
properties of Na8Si46 have not been as extensively investigated.[25,56,159] This is partly
due to the fact that microcrystalline powders of this composition are particularly difficult
to densify given the low dissociation temperature [149] and the fact that silicon forms it’s
framework.[25,149] Moreover, an investigation into the intrinsic properties cannot be
fully appreciated from polycrystalline specimens but can only be achieved by
investigating specimens free of defects that may occur during densification. In this
chapter the intrinsic low temperature transport properties of single-crystal Na8Si46 are
discussed.
Phase-pure type I clathrate Na8Si46 single-crystals were grown from a Na4Si4
precursor ingot using the vapor-phase method described in Chapter 2. Single crystal x-ray
diffraction (XRD) data, taken at 200 K, confirmed the identity and phase purity of the
crystals, in the shape of truncated cubes, with a lattice parameter of 10.1973(1) Å.[52] All
Na and Si crystallographic sites showed full occupancy under refinement, confirming the
stoichiometric composition Na8Si46. Isotropic atomic displacement parameters (ADPs),
Ueq,[157] from single-crystal XRD analyses indicated that Ueq for Na are much larger
than that of the Si forming the framework, with Ueq = 0.0145(3) Å2 for Na inside Si20 and
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Ueq = 0.0296(3) Å2 for Na inside Si24. These Na atoms therefore undergo localized
vibrations or “rattling”. This dynamic disorder is isotropic for the dodecahedron and
anisotropic for the lower-symmetry tetrakaidecahedron. This is evident from our singlecrystal structural analyses as well as our thermal properties measurements, as will be
described below. We note this anisotropy in the thermal ellipsoids in Figure 4.1, obtained
from our single-crystal XRD results.

Figure 4.1 Fragment of the crystal structure of cubic clathrate-I Na8Si46. The Na atoms inside the Si20 (2a
sites) and the Si24 (6d sites) are represented in yellow and red, respectively. Si atoms forming the
framework are shown in blue. Thermal ellipsoids are shown for 99% probability.
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4.1 Measuring the transport properties on single crystals
The preparation of Na8Si46 single crystals offers the opportunity for the first
investigation of the electrical and thermal transport properties on this material,[145] free
from grain boundary and interfacial effects associated with the consolidated
polycrystalline specimens. The standard mounting procedure for our transport properties
measurement system [160,161] was modified because of the small size of the crystal
specimens. The new mounting configuration is depicted in Figure 4.2. Thermal bridges
made by 0.76 mm diameter Cu wire were put across the sample with the voltage leads
V

+

and V

-

attached on one side, and the differential thermocouple leads T1 and T2

attached on the other side, respectively. For the thermal contact between the Cu wire and
the specimen, as well as electrical contacts for the voltage probes, a Silver filled epoxy
was used. The heater and the thermocouples were attached with StycastTM epoxy.
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a)
Heater

V-

Sample

I-

T1

V+

T2

Cu-wire

I+

b)

Figure 4.2 Measuring the transport properties on a single crystal of Na8Si46 (a).
A photograph of a mounted single crystal for transport properties measurements (b).
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Measurements of S, σ and κ were performed on a custom-designed closed cycle
refrigerator [160,161] from 12 K to 300 K. σ is measured by a four-probe method. A
small current I = I += I - (Figure 4.2, typically 5 mA) is passed through the single crystal
specimen, and the voltage difference ∆V = V +- V - is measured between two points a
distance l apart. σ is then determined from the Ohm’s Law, σ =lI/∆VA, where A is the
cross-sectional area of the crystal. Fast switching of the current direction and measuring
the voltage in both directions eliminates possible thermoelectric contributions to ∆V.
Temperature gradients for S and κ measurements are applied by 100 Ω chip resistor
attached to the top of the specimen (Figure 4.2). Using the thermal bridges in the
configuration shown in Figure 4.1 allows ∆V and the temperature gradient ∆T = T1 - T2 to
be measured between the same two points on the specimen, thus reducing the error in the
measurement. S is then calculated from the slope of a plot of ∆V versus ∆T, i.e
S = ∆V/∆T. To measure κ, several temperature gradients are applied and the power P
across the heater measured. From the slope of P versus ∆T and the geometry of the
specimen, using the Fourier law we can determine the thermal conductivity

κ = (l/A)(P/∆T). Conservative estimates of the room temperature maximum uncertainties
in the measurements of κ, S and ρ are 30%, 6%, and 30%, respectively. The large
uncertainties estimated for the κ and ρ measurements are due to the relatively large
contacts as compared to the size of the crystals. [145]
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4.2 Electrical properties and thermal conductivity of single-crystal Na8Si46 clathrate
Figure 4.3 shows the temperature dependence of ρ and S for single-crystal
Na8Si46. The positive dρ/dT is indicative of metallic behavior, as expected for Na8Si46 due
to an excess of electrons from Na. Assuming a partial charge transfer from Na to the
silicon host lattice,[138] with 0.694e per Na inside the dodecahedra and 0.783e per Na
inside the tetrakaidecahedra where e is the elementary charge, and a unit cell volume of
1060.366 Å3, we estimate the carrier concentration, n, to be 5.7×1021 cm-3. In the single
band approximation, assuming µ = (neρ)-1 where µ is the electron mobility, we estimate µ
to be 11.2 cm2 V-1 s-1. This value for µ is lower than that of Cu (48 cm2V-1s-1) and
comparable to that of Fe (8.2 cm2V-1s-1), calculated from the respective n and ρ for Cu
and Fe.[162,163] The inferred electron relaxation time τ = m/ρne2 =0.64×10-14 s, where m
is the free electron mass, is comparable to values for typical metals.[164]
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Figure 4.3 Temperature dependent resistivity (empty circles)
and Seebeck coefficient (filled circles) for single-crystal Na8Si46.
Reprinted with permission from Stefanoski et al., J. Phys.: Condens. Matter,
22, 485404 (2010). Copyright (2010) IOP Publishing.

At room temperature ρ reaches a value of 0.098 mΩ-cm. This value is lower than
any other type-I clathrate reported in the literature.[24,56,165,166] A comparison
between ρ measured on single-crystal Na8Si46 and a consolidated polycrystalline Na8Si46
specimen [56] shows that the crystal exhibits nearly two orders of magnitude lower ρ
than the polycrystalline specimen. This is presumably due to the fact that the crystal is
free of grain boundaries, impurities surrounding the grains, and/or defects that may occur
during densification of the microcrystalline materials. Another indicator of the quality of
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the

single

crystal

is

the

Residual

Resistance

Ratio

(RRR),

defined

as

RRR=R(300K)/R(T0), with T0=12 K being the lowest temperature of our measurements.
From Figure 2 RRR = 36. To the best of our knowledge, this is the highest RRR of any
type-I clathrate reported in the literature (Table 4.1).[24,56,165,166] We note that at the
lowest temperature of our measurement dρ/dT > 0. This indicates that the residual
resistivity has yet to be reached. S is negative in the entire temperature range and is
relatively low in magnitude. This is typical for metallic compounds and is consistent with
the low ρ values. The peak at ~170 K was observed in three separate measurements on
three Na8Si46 crystals, and may be due to phonon-drag effects. This has also been
observed in consolidated polycrystalline Na8Si46.[56]

Table 4.1 Comparison of the room temperature resistivities and residual resistance ratios
RRR=R(300 K)/R(T0) for the Na8Si46 specimen of the present work and several
intermetallic clathrate specimens of type I showing metallic or “metallic-like” resistivities
(i.e. dρ/dt is positive definite over the entire temperature interval of measurement). T0 is
the lowest temperature at which the corresponding resistivity was reported.
______________________________________________________________________________
Synthesis
Carrier ρ (300 K)
T0 (K) RRR Ref.
Method
Type
(mΩ-cm)
______________________________________________________________________________
Composition

Na8Si46
Na8Si46

Form

single crystal
polycrystalline

vapor-phase
n
0.098
12
36
145
decomposition
n
9.7
8
1.9 56
of Na4Si4
Eu8Ga16Ge30a polycrystalline
direct reaction
n
0.87
2
3.0 139
Ba8Ga16Sn30
single crystal
Ga flux growth
p
2.6
6
2.3 166
Ba8Ga16Ge30
single crystal
slow cooling of
n
0.82
2
2.2 125
stoich. mixture
Sr8Ga16Ge30
polycrystalline
direct reaction of n
2.0
6
2.1 166
stoich. mixture
Ba8Al14Si31
single crystal
Al flux growth
n
0.45
20
1.4 166
______________________________________________________________________________
a
Type VIII at with ρ(400) K

79

At room temperature ρ reaches a value of 0.098 mΩ-cm. This value is lower than
any other type-I clathrate reported in the literature.[24,56,165,166]

4.3 Heat capacity analyses from Na8Si46
Temperature dependent heat capacity was measured at NIST in the range 2 K < T
< 300 K using a commercial Quantum Design Physical Property Measurement System.
The data were obtained under standard thermal relaxation methods in a zero magnetic
field at vacuum below 1.3 x 10-5 Pa. Thermal coupling between the specimen and the
specimen platform was achieved via Apiezon® N grease, where the platform is coupled
to the puck via thin metal wires. Conduction through these wires is the dominant mode
of thermal transfer. Prior to the specimen measurement, the specimen puck, platform,
and the Apiezon® N grease were thoroughly characterized in a separate addenda
measurement. The uncertainty in the heat capacity measurements is less than 2 %
throughout the measured temperature range.
The temperature dependence of the heat capacity, Cp, for a 1.27 mg powdered
specimen is shown in Figure 4.4. We confirmed these results using three different
specimen masses. The Cp values are in agreement with previous measurements from 35 K
to 300 K.[167] The data was fit to a straight line below 10 K according to Cp/T = γ +βT2,
where γ is the Somerfield coefficient of the electronic contribution and β is the
coefficient of the lattice contribution to the heat capacity.[48,168] From this fit we obtain

γ = 42.5 mJ mol-1 K-2 and β = 0.5 mJ mol-1 K-4.
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Figure 4.4 Heat capacity versus temperature for single-crystal Na8Si46.
The inset shows (Cp-CD)/T 3 plotted as a function of T.
The solid line is the fit to the data according to model II, as described in the text.
Reprinted with permission from Stefanoski et al., J. Phys.: Condens. Matter, 22, 485404 (2010).
Copyright (2010) IOP Publishing.

From this value for γ the value N(EF) = 17.6 states eV-1 per formula unit was obtained
using relation (3.6). This value is comparable to the value of 13.7 states eV-1 from density
functional theory.[9] This high value is another indicator of the quality of the
crystals.[13] Using the relation
13

 12π 4 Rna 
θD = 

 5β 

81

,

(2)

where R is the gas constant and na is the number of atoms per unit cell, we estimate an
effective Debye temperature,θD, of 542 K, similar to that of previous results.[56]
The heat capacity, taking into consideration both acoustic and optic modes, has
been previously described by Qiu et al.[167] To gain insight into the low temperature
lattice dynamics, and in particular the Na “rattle” modes of Na8Si46, we use the model
described in Chapter 3 where we represented the total Cp as a sum of three contributions,
the electronic contribution, Cel = γT, from the electrons as heat carriers, the Debye
contribution, CD, originating from the framework, and the Einstein contribution, CE,
arising from the localized vibrations of the Na atoms inside the atomic “cages” (Equation
3.1) The number of Debye oscillators per formula unit is ND = 46 for Na8Si46, and the
number of Einstein oscillators are NEi = 2 and NEi = 6 for the Na atoms inside the
dodecahedra and tetrakaidecahedra, respectively.
The inset to Figure 4.4 shows (Cp-CD)/T

3

vs T. The fitting parameters

corresponding to two different models based on Equations 3.2, 3.3, and 3.4, together with
Einstein temperatures estimated from our single crystal structure refinement and analyses
are listed in Table 4.2. The free parameters for each model are also indicated in the table.
The data in the inset to Figure 4.4 is fit with a solid line according to model II in Table
4.2. The value for γ used in Equation 3.1 was taken from the linear fit to the lowtemperature Cp data. In model I the Einstein temperatures for Na inside the dodecahedra
and tetrakaidecahedra are denoted by θE1 and θE2, respectively. In model II the Einstein
temperature for the in-plane Na vibrations (parallel to the two hexagons of Si24 in Figure
4.1) inside the tetrakaidecahedra is denoted by θE2 and the Einstein temperature for the
out-of-plane Na vibrations (perpendicular to the two hexagons of Si24 in Figure 4.1) is
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denoted by θE2⊥.
Table 4.2 Fitting parameters for the (Cp-CD)/T 3 curve according to two different models
(I and II), and calculated values for the Einstein temperatures from single-crystal XRD.
The free parameters in models I and II are shown in brackets. From single-crystal XRD,
θE1 and θE2 are calculated from Ueq using the relation U = kBT/m(2πν)2 and θE = hν/kB,
where m is the mass of Na andν is the “rattling” frequency, and θE2⊥ and θE2 are
calculated in a similar manner using U22 and U33, respectively.
________________________________________________________________________
Model (free parameters)
θE1 (K)
θE2 (K)
θE2⊥ (K)
θE2 (K)
________________________________________________________________________
I (θE1, θE2)
142
81
N/A
N/A
⊥

162
N/A
163
94
II (θE1, θE2 , θE2 )
XRD data
170
120
147
110
________________________________________________________________________
In model I we assume both θE1 and θE2 are isotropic. The higher value for θE1 as
compared to θE2 (Table I) is consistent with the fact that Na has more “room to move” in
the tetrakaidecahedra compared to the dodecahedra. From our fit θE1 = 142 K. This is in
reasonable agreement with our single-crystal XRD results as well as that obtained from
the powder XRD data from Ramachandran et al,[54] however θE2 = 81 K does not agree
with the single-crystal results (Table 4.2).

In addition, the center of the

tetrakaidecahedron has been shown to have a lower symmetry than that of the
dodecahedron in type I clathrates.[169] We therefore allow for this structural anisotropy
in the tetrakaidecahedra in model II.
In model II the asymmetry of the tetrakaidecahedron requires that the Na atoms
be described by a two-dimensional in-plane (parallel to the hexagons of Si24 in Figure
4.1) vibrational motion characterized by θE2 and p × NE2 = 12, and a one-dimensional
out-of-plane vibrational motion (perpendicular to the hexagons of Si24 in Figure 4.1)
characterized by θE2⊥ and p⊥ × NE2 = 6. The dodecahedron is described with an isotropic

θE1. The results from fitting, θE1 = 162 K, θE2⊥ = 163 K and θE2 = 94 K, are more
consistent with the single-crystal XRD results (Table 4.2). This anisotropy within the
tetrakaidecahedra

in

type

I

clathrates

has

been

observed

in

ternary

compositions.[24,43,59,144] The pronounced peak in the inset to Figure 4.4 centered
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around 25 K comes from the contribution of the localized vibrations of the Na atoms
inside the Si polyhedra in Na8Si46. Theoretical investigations [151] as well as Raman
scattering studies [155] on Na8Si46 corroborate the peak at this temperature.
Figure 4.5 shows the temperature dependence of κ and the phonon mean free
path, l. The κ values of single-crystal Na8Si46 are higher than that of polycrystalline
specimens,[56] presumably due to the additional phonon scattering from the grain
boundaries and higher ρ values of the polycrystalline specimen. The l values are
estimated from the relation κL = 1/3 l Cpυ.[150] The lattice thermal conductivity, κL, is
estimated using the Wiedemann-Franz relation and the resistivity values in Figure 4.3 so
that κL = κ - LT/ρ, where L is the Lorenz number with a value of 2.45×10-8 WΩK-2. The
sound velocity, υ, is estimated from the elastic constants for Na8Si46.[170] At room
temperature l is approximately 7.6 µm and increases rapidly as the temperature decreases.
This value is nearly two orders of magnitude higher that that reported on polycrystalline
Na8Si46.[56] This is expected taking into consideration the effects of grain boundary
scattering in polycrystalline Na8Si46 at low temperatures. At the lowest temperature of our
measurements the mean free path is comparable to the dimensions of the single-crystal
specimen. This is also corroborated by our temperature dependent κ data, as shown in
Figure 4.5. Below 20 K the temperature dependence of κ approaches a T 3 dependence, as
represented by the solid line in Figure 4.5. This data indicates a “freezing-out” of the
dynamic, or “rattle”, modes of Na at low temperature.
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Figure 4.5 Mean free path (filled circles) and κ (empty circles) for single-crystal Na8Si46.
The solid line indicates the T 3 dependence of κ below 20 K.
Reprinted with permission from Stefanoski et al., J. Phys.: Condens. Matter, 22, 485404 (2010).
Copyright (2010) IOP Publishing.
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5. Structure and transport properties of partially filled type-II NaxSi136 clathrates
The unique properties [16,19,28-30,34,36,171] observed in group 14 clathrates are a
consequence of the structure and bonding of these materials.[21,53,54,68,73,74, 82,172174] The importance of these materials for scientific and technological interest was
discussed in Chapter 1. Of all the structure types that comprise the different clathrate
phases, clathrate-II compositions have been among the least studied, although these
materials have revealed interesting structural and physical properties since the early work
of Cros and co-workers.[8,63,175] This is partially due to the fact that phase-pure
preparation of these materials has been challenging. Nevertheless, a fundamental
understanding of the structure-property relationships in these materials will accelerate
their potential for technologically useful applications.[19,21,27-31,34,36,53,73,171,
172,176] To this end improved synthetic techniques have been developed in continuing
and expanding the investigation into these materials.[21,52,54,65,66,68,69,78,87,88] Of
these techniques the preparation of single-crystals [52,82,87] allowed for intrinsic
property measurements.[83,87,130,136]
The synthesis and characterization of microcrystalline powders of partially-filled
NaxSi136 clathrate-II compositions, with less than full Na occupancy, revealed structural
properties that are fundamental to this material system.[54,68,69] In this chapter the
synthesis and structural properties of single crystals of NaxSi136 are discussed. The twostep synthetic approach that was employed for the synthesis also allowed for low
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temperature transport measurements of polycrystalline NaxSi136. Together with the
previous results on single-crystal Na24Si136,[52] (c.f. Chapter 4) the structural, electrical
and thermal properties of NaxSi136 with x = 2.9, 5.1, 8.2, 14.9 and 24 were investigated.

5.1 Synthesis of partially-filled NaxSi136 (0 < x ≤ 24) clathrate
Partially-filled NaxSi136 clathrates were synthesized starting from the Na4Si4
precursor that was synthesized by direct reaction of elemental Na (Alfa Aesar, 99.98%)
and Si powder (Alfa Aesar, 99%). A Na:Si atomic ratio of 1.1:1 was placed inside a
tungsten crucible that was inside a sealed stainless steel canister and reacted at 650 oC for
36 hours. The resulting product was a dark gray crystalline material. The product was
ground into coarse powder in a dry nitrogen atmosphere and used as the precursor for
Na24Si136 single-crystal growth. This was achieved via the slow controlled removal of Na
from the Na4Si4 precursor by vapor phase intercalation with spatially separated graphite.
The details of this technique were discussed in Chapter 2. Na24Si136 single-crystals
obtained in this way were enclosed in tantalum envelopes which were sealed inside a
quartz tube in a nitrogen atmosphere and placed in a tube furnace (Figure 5.1). A thermal
gradient was established along the tube which allowed for Na to leave the Na24Si136
clathrate crystals, or “degas”, and condense on the cold end.

87

Quartz
tube

Vacuum
seal
Tube
furnace
Crystals in
Tantalum
envelope

Figure 5.1 Synthesis of partially-filled NaxSi136 clathrates.

Scanning electron microscope (SEM) analyses using a JEOL JSM-6390LV
indicated that the resulting products were an agglomeration of several closely packed
single crystals. NaxSi136 single-crystals were separated from the resulting product and
used for single-crystal X-ray diffraction analyses. X-ray data for the NaxSi136 single
crystals were obtained at 200 K on a STOE diffractometer using a graphite
monochromator and a MoKα fine-focus sealed tube with a wavelength of 0.71073 Å.
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NaxSi136 compositions with x = 2.9, 5.1, 8.2, and 14.7 were obtained after placing the
Na24Si136 crystals in a tube furnace at 405 oC for 24, 12, 4, and 2 days, respectively.
Powder X-ray diffraction (pXRD) patterns obtained from crushed crystals, shown
in Figure 5.2, were collected with a Bruker D8 Focus diffractometer in Bragg-Brentano
geometry using Cu Kα radiation and a graphite monochromator.

Intensity / arb. units

x = 2.9

x = 5.1
x = 8.2
x = 14.7

x = 24
20

30

40

50

2 Θ / degrees
Figure 5.2 pXRD data obtained from crushed NaxSi136 crystals.
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5.2 Single-crystal X-ray diffraction analyses on single-crystal NaxSi136 (0 < x < 24)
clathrates
Single-crystal X-ray data were refined using the SXELXL crystallographic
software. Refining the crystal structure for a few different single crystals separated from
the same agglomerate of crystals indicated only a small variation in x and full occupancy
of the Si framework for all crystals. Table 5.1 contains the crystallographic and singlecrystal structure refinement information for NaxSi136.

Table 5.1 Crystallographic and structure refinement data for NaxSi136. Lattice parameters
are given in Å, densities in g/cm3, and absorption coefficients in mm-1.
______________________________________________________________________________________

Composition/Property

Na2.9Si136

Na5.1Si136

Na8.2Si136

Na14.7Si136

Na24Si136

______________________________________________________________________________________
x (Si20)

0

0

1.5

6.7

16

x (Si28)

2.9

5.1

6.7

8

8

Lattice parameter

14.6522(17) 14.6437(7)

14.6397(6)

14.6500(7)

14.7121(1)

Density

2.308

2.312

2.314

2.309

2.280

1.429

1.431

1.432

1.4219

1.411

Goodness-of-fit on F

1.505

1.496

1.538

1.399

1.000

R1, I>2σ(I)

0.0367

0.0283

0.0276

0.0285

0.0115

wR2, all data

0.0571

Absorption coefficient, µ
2

0.0529
3

0.0561
3

0.0628
3

Largest diff. peak

0.441e/Å

Largest diff. hole

-0.401e/Å3 -0.266e/Å3 -0.309e/Å3

0.589e/Å

0.302e/Å

0.0290
3

0.497e/Å

0.203e/Å3

-0.518e/Å3 -0.122e/Å3

______________________________________________________________________________________

The lattice parameters of NaxSi136, shown in Figure 5.3, exhibit a non-monotonic
behavior. They decrease with increasing x up to x = 8, and then increase with increasing x
from x = 8 to 24. This initial lattice contraction at low Na concentration was previously
predicted by density functional theory (DFT) [31] and was later observed from pXRD on
microcrystalline NaxSi136 powders.[69] From the relative occupancies of the two different
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polyhedra (Figure 5.3) Na vacates Si20 first. After Si20 are completely empty do Na vacate
Si28. This preferential occupation of Si28 has also been observed in gas-hydrates with the
clathrate-II structure.[179] Because of the different size and coordination number for Si20
and Si28, a difference in the structural properties can be anticipated with different Na
content.
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Figure 5.3 (a) Lattice parameters and (b) normalized cage occupancies for NaxSi136, x = 2.9 (gray),
5.1 (cyan), 8.2 (blue), 14.9 (red), and 24 (green). Filled symbols represent the single-crystal data,
and the open symbols represent data from polycrystalline powders from Beekman et al.[69]
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Atomic coordinates and isotropic atomic displacement parameters, Ueq, are given
in Table 5.2. Anisotropic atomic displacement parameters, Uij, are given in Table 5.3. All
Si framework sites were found to be fully occupied, whereas the occupancy of the Na
“guest” sites varies between x = 2.9 and 24.

Table 5.2 Atomic coordinates and isotropic atomic displacement parameters (Å) for
NaxSi136.
________________________________________________________________________
Atom
Wyckoff
x
y
z
Ueq
position
________________________________________________________________________
Na2.9Si136
Na2
Si1
Si2
Si3

48f
8a
32e
96g

0.1250
0.1250
0.0329(3)
0.0674(1)

0.6250
0.1250
0.2171(1)
0.3706(1)

0.0963(17)
0.1250
0.0329(1)
0.0674(1)

0.032(11)
0.004(1)
0.004(1)
0.004(1)

Na5.1Si136
Na2
Si1
Si2
Si3

48f
8a
32e
96g

0.1250
0.1250
0.0329(1)
0.0674(1)

0.6250
0.1250
0.2172(1)
0.3706(1)

0.0994(10)
0.1250
0.0329(1)
0.0674(1)

0.041(8)
0.004(1)
0.004(1)
0.004(1)

Na8.2Si136
Na1
Na2
Si1
Si2
Si3

16c
48f
8a
32e
96g

0.0000
0.1250
0.1250
0.0327(1)
0.0673(1)

0.0000
0.6250
0.1250
0.2173(1)
0.3707(1)

0.0000
0.1016(18)
0.1250
0.0327(1)
0.0673(1)

0.004(5)
0.048(9)
0.004(1)
0.004(1)
0.004(1)

Na14.7Si136
Na1
Na2
Si1
Si2
Si3

16c
48f
8a
32e
96g

0.0000
0.1250
0.1250
0.0324(1)
0.0673(1)

0.0000
0.6250
0.1250
0.2176(1)
0.3710(1)

0.0000
0.1014(19)
0.1250
0.0324(1)
0.0673(1)

0.013(2)
0.050(8)
0.005(1)
0.005(1)
0.005(1)

Na24Si136
Na1
Na2
Si1
Si2
Si3

16c
48f
8a
32e
96g

0.0000
0.1250
0.1250
0.0320(1)
0.0674(1)

0.0000
0.6250
0.1250
0.2180(1)
0.3713(1)

0.0000
0.051(5)
0.004(1)
0.0320(1)
0.0674(1)

0.014(1)
0.051(5)
0.004(1)
0.004(1)
0.004(1)

________________________________________________________________________
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Table 5.3 Anisotropic atomic displacement parameters (Å) for NaxSi136.
________________________________________________________________________
Atom
U11
U22
U33
U23
U13
U12
________________________________________________________________________
Na2.9Si136
Na2
Si1
Si2
Si3

0.048(14)
0.004(1)
0.004(1)
0.004(1)

0.048(14)
0.004(1)
0.004(1)
0.004(1)

0.006(9)
0.004(1)
0.004(1)
0.004(1)

0
0
0.000(1)
0.000(1)

0
0
0.000(1)
0.000(1)

-0.006(10)
0
0.000(1)
0.000(1)

Na5.1Si136
Na2
Si1
Si2
Si3

0.051(10)
0.004(1)
0.004(1)
0.004(1)

0.051(10)
0.004(1)
0.004(1)
0.005(1)

0.020(8)
0.004(1)
0.004(1)
0.004(1)

0
0
0.000(1)
0.000(1)

0
0
0.000(1)
0.000(1)

-0.008(6)
0
0.000(1)
0.000(1)

Na8.2Si136
Na1
Na2
Si1
Si2
Si3

0.013(2)
0.057(10)
0.004(1)
0.004(1)
0.004(1)

0.013(2)
0.057(10)
0.004(1)
0.004(1)
0.004(1)

0.013(2)
0.037(10)
0.004(1)
0.004(1)
0.004(1)

-0.002(3)
0
0
0.000(1)
0.000(1)

-0.002(3)
0
0
0.000(1)
0.000(1)

-0.002(3)
-0.001(6)
0
0.000(1)
0.000(1)

Na14.7Si136
Na1
Na2
Si1
Si2
Si3

0.013(2)
0.057(10)
0.005(1)
0.005(1)
0.004(1)

0.013(2)
0.057(10)
0.005(1)
0.005(1)
0.005(1)

0.013(2)
0.037(10)
0.005(1)
0.005(1)
0.004(1)

-0.002(1)
0
0
0.000(1)
0.000(1)

-0.002(1)
0
0
0.000(1)
0.000(1)

-0.002(1)
-0.001(6)
0
0.000(1)
0.000(1)

Na24Si136
Na1
Na2
Si1
Si2
Si3

0.013(2)
0.057(10)
0.006(1)
0.006(1)
0.006(1)

0.013(2)
0.057(10)
0.006(1)
0.006(1)
0.006(1)

0.013(2)
0.037(10)
0.006(1)
0.006(1)
0.006(1)

-0.001(1) -0.001(1)
-0.001(3)
0
0
0
0.000(1)
0.000(1)
0.000(1)
0.000(1)

-0.001(1)
0
0
0.000(1)
0.000(1)

________________________________________________________________________

Na1 at the 16c crystallographic site was best refined at the center of Si20. Because
of the very large atomic displacement parameters for Na2 at the 8b crystallographic site
in Si28, a split-site model was used with Na ‘off-center’ (the 48f crystallographic site,
Table 5.2). The R1 and wR2 indices were slightly higher when Na was refined ‘off94

center’ as compared to when refined at the 8b crystallographic site, however, this resulted
in lower atomic displacement parameters. This is in agreement with previous studies on
NaxSi136 [31,52,53,69,130,135,136,146,149], but in contrast to the case of K17.8Si136,
where K inside Si28 was best refined at the center of Si28.[89] Difference Fourier maps
were created in SHELX using the single-crystal data in Table 5.2 (Figure 5.4).

a)

b)
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d)
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e)

Figure 5.4 Difference Fourier map calculated with the Na2 atom removed from the structure model
for (a) Na2.9Si136 (b) Na5.1Si136 (c) Na8.2Si136 (d) Na14.7Si136 and (e) Na24Si136.
2D representation is shown on the left, and relief representation is shown on the right.

Despite the relatively large ADP for Na2, the difference Fourier map with Na@Si28
removed from the model (Figure 5.4e) shows a broad smeared, essentially spherical,
residual density. The residual density becomes less spherical when x changes from 24 to
2.9, with a clear elliptical shape for Na2.9Si136. In addition to this, the relief
representation, shown on the right-hand side in Figure 5.4, shows that Na@Si28 is more
off-center in Na2.9Si136 as compared to Na24Si136.
Ueq have similar values for Na2 at the two highest Na concentrations (Na14.7Si136
and Na24Si136), then decrease with decreasing x (Figure 5.5). This may be an indication
that the nearest-neighbor Si28 vacate last, since interactions between Na are negligible for
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distances larger than the shortest Na-Na distance.[180] Uij for Na1 have similar values
regardless of x, in contrast to Uij for Na2 which were found to be anisotropic (Table 5.3).
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Figure 5.5 Ueq versus the cage occupancy (bottom axis) and lattice parameter (top axis)
for NaxSi136 represented with circles for Na2 (Na@Si28) and squares for Na1 (Na@Si20).

The atomic distances for the five NaxSi136 compositions are given in Table 5.4.
The Si-Si bond lengths typically increase for x > 8 and remain relatively unchanged for
x < 8. The average Si-Si bond lengths (Table 5.4) are 2.3548 Å for Na2.9Si136, 2.3542 Å
for Na5.1Si136, 2.3547 Å for Na8.2Si136, 2.3595 Å for Na14.7Si136, and 2.3726 Å for
Na24Si136. These are extended as compared to the Si-Si bond lengths in α-Si.[181] Scaled
interatomic distances as a function of the lattice parameter are given in Figure 5.6
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Table 5.4 Na-Si and Si-Si atomic distances for NaxSi136, in Å.
______________________________________________________________________________________

Composition

Na2.9Si136

Na5.1Si136

Na8.2Si136

Na14.7Si136

Na24Si136

______________________________________________________________________________________
Na1-Si1

N/A

N/A

3.1696(2) x2

3.17182(15) x2

3.1853(2) x2

Na1-Si2

N/A

N/A

3.2524(3) x6

3.2578(4) x6

3.2753(2) x6

Na1-Si3

N/A

N/A

3.3535(3) x12

3.3584(4) x12

3.3740(2) x12

Na2-Si2

3.780(12) x2

3.799(10) x2

3.788(13) x2

3.805(14) x2

3.828(10) x2

Na2-Si2

4.263(16) x2

4.232(13) x2

4.206(16) x2

4.203(17) x2

4.192(12) x2

Na2-Si3

3.52(2) x2

3.555(19) x2

3.56(2) x2

3.58(3) x2

3.622(18) x2

Na2-Si3

3.7586(7) x4

3.728(13) x4

3.709(17) x4

3.747(18) x4

3.787(12) x4

Na2-Si3

3.846(3) x4

3.848(2) x4

3.850(3) x4

3.849(4) x4

3.865(3) x4

Na2-Si3

4.003(2) x2

3.9961(16) x2

3.9920(19) x2

3.998(8) x2

4.0112(13) x2

Na2-Si3

4.004(2) x4

4.009(6) x4

4.003(3) x4

4.004(3) x4

4.001(5) x4

Na2-Si3

4.017(3) x2

4.013(2) x2

4.0707(8) x2

4.012(3) x2

4.0199(18) x2

Na2-Si3

4.296(19) x4

4.258(15) x4

4.231(19) x4

4.24(2) x4

4.232(14) x4

Na2-Si3

4.32 (2) x2

4.270(19) x2

4.24(2) x2

4.24(3) x2

4.222(18) x2

Si1-Si2

2.3378(10) x4

2.3372(8) x4

2.3402(8) x4

2.3498(10) x4

2.3691(5) x4

Si2-Si1

2.3379(10)

2.3372(8)

2.3402(8)

2.3498(10)

2.3691(5)

Si2-Si3

2.3594(7) x3

2.3587(5) x3

2.3578(5) x3

2.3602(7) x3

2.3726(3) x3

Si3-Si2

2.3594(7)

2.3616(6)

2.3579(5)

2.3603(7)

2.3722(3)

Si3-Si3

2.3574(6) x2

2.3540(5) x2

2.3520(5) x2

2.3498(6) x2

2.3581(3) x2

Si3-Si3

2.3852(11) x2

2.3867(9) x2

2.3876(9) x2

2.3922(11) x2

2.3975(6) x2

Na1-Si (aver.)

N/A

N/A

3.3048

3.3096

3.3255

Na2-Si (aver.)

3.9794

3.9679

3.9602

3.9656

3.9761

Si-Si (aver.)

2.3548

2.3542

2.3547

2.3595

2.3726

____________________________________________________________________________________

Upon filling the Si20 polyhedra the average Na1-Si distances increase, in contrast
to the non-monotonic behavior of the average Na2-Si distances which first decrease for x
≤ 8 and then increase up to x = 24, following the trend in the lattice parameter (Figure
5.3). The shortest Na1-Na1 distance for Na8.2Si136 is 5.1759 Å, however this distance is
5.2015 Å for Na24Si136. Taking into account the low occupancy of Si20 for Na8.2Si136
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(Table 5.1) it is possible that the nearest-neighbor Si20 vacate last. The shortest Na2-Na2
distances also increase with increasing x, however not as strongly as the Na1-Na1
distances. The Na2-Na2 atomic distances have values ranging from 5.90 Å for Na2.9Si136
to 6.01 Å for Na24Si136.
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Figure 5.6 Scaled interatomic distances as a function of the lattice parameter for the NaxSi136.

Selected Si-bond angles for the five NaxSi136 compositions are given in Table 5.5.
The average values of all angles are close to the ideal sp3-hybridization angle of 109.5o.
The Si2-Si1-Si2 angles have the ideal tetrahedral angle of 109.5o. The Si3-Si2-Si3 angles
increase with increasing x, whereas Si1-Si2-Si3 decrease with increasing x. The Si3-Si3-
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Si2 angles increase as x changes from 24 to 8, and then maintain a relatively constant
value for x < 8.

Table 5.5 Selected angles for NaxSi136, in degrees.
________________________________________________________________________
Comp./Angle
Na2.9Si136
Na5.1Si136
Na8.2Si136
Na14.7Si136
Na24Si136
________________________________________________________________________
Si2-Si1-Si2
109.5
109.5
109.5
109.5
109.5
Si1-Si2-Si3
107.59(3)
107.62(2)
107.56(2)
107.44(3) 107.201(5)
Si3-Si2-Si3
111.28(2)
111.26(2)
111.31(2)
111.42(2) 111.643(13)
Si3-Si3-Si2
105.66(3)
105.69(2)
106.66(2)
105.56(3) 105.277(17)
Si3-Si3-Si3
108.68(2)
108.669(19) 108.672(19) 108.72(2) 108.898(13)
Si3-Si3-Si3
119.851(4)
119.849(3)
119.850(3)
119.846(4) 119.813(2)
________________________________________________________________________

5.3 Transport properties of partially-filled NaxSi136 clathrates
An investigation into the transport properties of NaxSi136 clathrates is challenging
due to the difficulty in obtaining highly-dense polycrystalline specimens. Due to the fact
that oxide readily forms on the surface of microcrystalline powders densification of
NaxSi136 powders has been very difficult.[149] In addition, this oxide formation screens
the

intrinsic

transport

properties

measured

on

densified

polycrystalline

specimens.[66,101] The synthesis technique described in the previous section also
allowed for the availability of dense homogeneous polycrystalline NaxSi136 in the form of
agglomerations of single-crystals.
The Seebeck coefficient, S, four-probe resistivity, ρ, and steady-state thermal
conductivity, κ, were measured on the agglomeration of crystals using a custom
radiation-shielded vacuum probe.[160] The mounting procedure was modified as shown
in Figure 4.2 in Chapter 4 because of the small size of the agglomerates.
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Figure 5.7 shows the temperature dependence of S for NaxSi136. The modulus of S
increases with temperature, as expected in metals and heavily doped semiconductors with
negligible phonon drag. The relatively low magnitude of S for Na24Si136 is typical for
metals where the location of the Fermi level is well inside the conduction band, as
indicated by density-functional theory calculations.[31,184]
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S (µV/K)

-20
-40
-60
-80
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100

T (K)
Figure 5.7. Seebeck coefficient as a function of temperature for NaxSi136 with
x = 2.9 (∇), 5.1 (∆), 8.2 (◊), 14.7 ( ), and 24 (○).

As the Na content decreases, the modulus of S increases, reaching a value of 85 µV/K at
room temperature for Na2.9Si136. According to theoretical studies by Smelyanski et
al.[184], the similarity between the density of states profiles for Na (both 3s and 3p) and
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the total density of states indicates a significant hybridization between metallic Na and
the Si framework wavefunctions when Si20 are filled. This is consistent with the metallic
behavior of NaxSi136 for high Na loading. The average Na1-Si and Na2-Si distances
decrease as x decreases to 8.2 (Table 5.4). This may imply a significant hybridization
between Na and Si corroborating the metallic behavior for x > 8. For x < 8 however, there
are no Na1 which presumably would reduce hybridization.
The temperature dependence of ρ indicates an apparent metal-to-semiconductor
transition (Figure 5.8). There is a clear difference in the magnitude and temperature
dependence of ρ as x changes from 2.9 to 24. The ρ values increase with increasing
temperature for x = 8.2, 14.7 and 24, typical for metals, and decrease with increasing
temperature for x = 2.9 and 5.1, typical for semimetallic or semiconducting materials.
The room temperature ρ value for Na2.9Si136 is over two orders of magnitude higher than
that for Na14.7Si136, and five orders of magnitude lower than that of the low Na content
NaxSi136 specimens hot pressed from powders.[66] From Quantum Molecular Dynamics
studies on Si136 and Na4Si136 it was shown that Na moves away from the center of Si28 by
0.17 Å.[153] From EXAFS studies on Na8Si136 [135] a strong interaction between Na2
results in Jahn-Teller distortion and Na2 dimmer formation, possibly originating from the
spin-spin interactions from the unpaired 3s electrons of Na. Our results show that the
Na2-Na2 distances decrease as x decreases. The shortest Na2-Na2 distance for Na24Si136
is 6.01 Å and decreases to 5.90 Å for Na2.9Si136. Therefore partial covalent bonding
between Na2 is more likely to occur at low Na concentrations. This partial covalent
bonding between Na2,[135,153,184] combined with the weak Na2-Si hybridization that
results from the larger Na2-Si distances for x < 8 (Table 5.4), may result in localization of
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the electrons and ‘drive’ the system to a less metallic state. Similar behavior in the
endohedral metallofullerene Y@C82 has been reported by Hasegawa et al.[185] Our
experimental results corroborate prior theoretical work. Semiconducting behavior for
Na4Si136 was predicted by the first principle full-potential all electron linearized plane
wave method.[184] It was suggested that the Jahn-Teller effect lifts the degeneracy at the
Γ point and opens a small band gap.[184] In addition, Mott [186] argued that the Na
wavefunction overlap decrease as the Na concentration decreases, and the electrons
become localized on the Na atoms. When this localization occurs, a Mott transition takes
place and the system becomes semiconducting.[186] This is corroborated by the increase
in the Na-Si distances for x < 8. As Na moves away from the Si framework atoms, there
may be less hybridization between Na and Si which results in localization of the electrons
around Na. The shortest Na-Na distance (5.1759 Å) excludes the possibility of direct NaNa interaction, as also suggested by Roy et al.[180]
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Figure 5.8 Resistivity as a function of temperature for NaxSi136 with
x = 2.9 (∇), 5.1 (∆), 8.2 (◊), 14.7 ( ), and 24 (○).
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The Mott criterion,[187] nc1/3 aH ≤ 0.25, where nc is the electron density and aH
is the effective Bohr radius, describes the critical point of the metal-to-insulator transition
(Figure 5.9) To calculate nc for NaxSi136, partial charge-transfer from Na to the Siframework was assumed [138] and the volume of the cubic unit cell calculated from the
lattice parameters listed in Table 5.1. aH for Na has a value of 190 pm [188].
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Figure 5.9 The Mott criterion for NaxSi136.
The solid line represents the Mott-limit

nc1/3 aH = 0.25 .

It seems that the Mott criterion holds for x = 2.9 and 5.1 (Figure 5.8) but does not
accurately predict the transition point. It shows that every composition with x ≤ 10 will
also be insulator, whereas our results show metallic behavior for x > 8.2. Na atoms move
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closer as x decreases, but Si-Si distances decrease as well. This may introduce more
screening between the Si orbitals and the Na orbitals which might impede the
hybridization of the Na orbitals. For x ≤ 8 the Na atoms move away from the Si
framework atoms (Table 5.4) which makes the electrons more localized on Na.
The thermal conductivities for the five NaxSi136 specimens are shown in Figure
5.10. The magnitude of κ is relatively large as compared to other intermetallic
clathrates.[124] The observed κ for Na24Si136 is higher than the other clathrates shown in
Figure 5 due to the fact that it is dominated by the electronic component.[130] The room
temperature values of κ for Na2.9Si136 and Na5.1Si136, the two specimens with the lowest
Na content, are approximately three times lower than that of Na24Si136.
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Figure 5.10 Thermal Conductivity as a function of temperature for NaxSi136
with x = 2.9 (∇), 5.1 (∆), 8.2 (◊), 14.7 ( ), and 24 (○).
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6. Clathrate-I and VIII Eu8Ga16Ge30 for magnetic cooling applications
Magnetic refrigeration based on the magnetocaloric effect (MCE) has recently
received increased attention as an alternative to the compression-evaporation techniques.
Magnetic refrigeration is also an environmentally friendly cooling technology, in this
way similar to thermoelectric refrigeration, that does not use ozone depleting chemicals,
hazardous chemicals, or green house gasses.[189] Another important difference between
the magnetic refrigeration and the conventional gas-compression techniques is the higher
efficiency in the former one. Magnetic refrigerators working with Gd show 60% of the
Carnot efficiency compared with only about 40% in the best gas-compression
refrigerators.[190,191]
Producing a magnetocaloric material with a large magnetic entropy change (∆SM)
over a wide temperature range, i.e., a large refrigerant capacity (RC),[192-194] is of
interest for magnetic refrigeration applications. For ideal Ericsson-cycle based magnetic
refrigeration, a magnetic material should posses a constant ∆SM in the refrigeration
temperature range, known as “table-like” MCE.[195,196] Magnetocaloric materials that
undergo multiple successive magnetic phase transitions are therefore of interest, since the
presence of magnetic multiphases broadens the ∆SM (T) curves and consequently
enhances the RC.[194-196] Clathrates-I and VIII Eu8Ga16Ge30 are one such system. The
relatively large magnetic moment of Eu (7.97 µB) [34] and the order of the Eu moments
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at low temperatures in these materials give promise for interesting low-temperature
magnetic properties, including large MCE.

6.1 The magnetocaloric effect (MCE)
The magnetocaloric effect (MCE) is a magneto-thermodynamic phenomenon in
which an externally applied changing magnetic field can strongly affect the spin degrees
of freedom in a solid that results in a reversible change in temperature in a given
specimen.[189] Magnetic materials can be thought of as having two different heat
reservoirs: the phonon excitations related to the lattice degrees of freedom, and magnetic
excitations connected to the spin degrees of freedom.
In the magnetic refrigeration cycle [190] depicted in Figure 6.1, a magnetocaloric
substance undergoes an adiabatic magnetization, that is, initially randomly oriented
magnetic moments are aligned by an external magnetic field, thus leading to a decrease in
the entropy of the system.
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Figure 6.1 Schematic representation of a magnetic refrigeration cycle.

The insulated environment prevents the heat form “escaping” the material. Therefore,
since the entropy change ∆S in a system at a given temperature T absorbing an
infinitesimal amount of heat δQ is given as ∆S =δQ/T, the net result is heating up of the
specimen. The second stage of the MCE is isomagnetic enthalpic transfer, where heat is
removed from the system by fluid or gas, say liquid helium for example, while the
magnetic field is unchanged. The third stage, known as adiabatic demagnetization allows
randomization of the magnetic moments by removing the magnetic field, which leads to
cooling the material below the ambient temperature. At the final stage, the
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magnetocaloric material is placed in a thermal contact with the environment being cooled
and heat migrates into the working material.

6.2 Synthesis and crystal structure of type-I and VIII Eu8Ga16Ge30 clathrates and
Eu8Ga16Ge30-EuO composites
For both Eu8Ga16Ge30 structure types a stoichiometric mixtures of high purity
starting elements were placed in BN crucibles, sealed under nitrogen in a quartz tube and
induction melted at 1100 0C. The cooling process determines the product compound.
Rapid water quenching leads to type I Eu8Ga16Ge30. Type VIII Eu8Ga16Ge30 is obtained
from the type I phase. The type I specimen was heated at a rate of 20C/min to a final
temperature of 6750C, and annealed at this temperature for two weeks. XRD data
obtained on compositions of both phases are given in Figure 6.2.
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Figure 6.2 XRD patterns for type I (a) and type VIII (b) Eu8Ga16Ge30 phases.

Powdered specimens of the Eu8Ga16Ge30-EuO composites were prepared by
repetitive grinding and mixing of the two compositions in the desired ratios by weight.
Approximately 100 mg of the composites were placed in plastic ampoules and used for
magnetic measurements.
Differential Scanning Calorimetry (DSC) investigations show an endothermal
effect at TI = 700οC, that is attributed to the formation of the type I phase. The next
thermal effect at TVIII = 697οC, originates from type- I ↔ VIII transformation in the
clathrates phase. According to Leoni et al.[111] this transformation is a reconstructive
one. This would explain its endothermal character. It has been shown that the reaction is
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dependent on the starting state of the specimen, e.g., on the grain size of the type I phase
used as a precursor to form the type VIII phase.
The structural investigations [24] of Eu8Ga16Ge30 show that it has two structural
modifications, affiliated with the type-I and VIII clathrates, respectively (Figures 1.1 and
1.8). Both structures are characterized by covalent E46 networks (E=Ga, Ge) of fourfold
bonded E atoms with polyhedral cages occupied by Eu. The type-I phase has two
different polyhedral cages: E20 pentagonal dodecahedra centered by Eu1 and E24
tetrakaidecahedra centered by Eu2 (Eu1:Eu2=1:3) (Figure 1.1b). There are two Eu1 (2a
sites) and six Eu2 (6d sites) atoms per unit cell. The type-VIII phase has only one type of
cage, a distorted pentagonal dodecahedron (Figure 1.8b) centered by Eu (8c site) atom.
The shortest Eu-Eu distance for type-VIII Eu8Ga16Ge30 is 5.562 Å, whereas in the type-I
Eu8Ga16Ge30 it is 5.23 Å. The average distance between Eu and E atoms that form the
surrounding E20 cage is 3.633 Å for the type-VIII Eu8Ga16Ge30. For the type-I
Eu8Ga16Ge30 the average Eu1-E and Eu-E distances are 3.482 and 3.846 Å, respectively.
There are 92 covalent bonds per unit cell, giving a total of 184 valence electrons that fill
the valence band completely thus leading to semiconducting properties in these
compounds. Measurements of the anisotropic displacement parameters [45] show the
stiffness of the framework relative to the larger anisotropic displacements of the
encapsulated Eu atoms.
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6.3 Refrigeration capacity and MCE in clathrate-I Eu8Ga16Ge30-EuO composites
The magnetic measurements were performed using a commercial Physics
Properties System from Quantum Design in the temperature range of 6 to 300 K for
applied fields up to 7 T in the Functional Materials Laboratory at USF. The ∆SM for the
specimens were calculated from the family of M-H isotherms using the Maxwell
relation:[34]
 ∂M 
∆S M =
µ0 ∫ 
 dH ,
∂T  H
0 
H max

(6.1)

where M is the magnetization, H is the magnetic field, and T is the temperature. The RC
can be then calculated as:[197]
T2

RC =− ∫ ∆S M (T )dT ,

(6.2)

T1

which indicates how much heat can be transferred from the cold end (at temperature T1)
to the hot end (at T2) of a refrigerator in an ideal thermodynamic cycle. The RC can be
approximated as:[197]

RC =

( −∆SM )max × δ TFWHM

,

(6.1)

where δTFWHM is the full width at half maximum (FWHM) of the ∆SM (T) curve.
Figure 6.3 shows the temperature dependence of -∆SM for µo∆H = 2 T for type-I
Eu8Ga16Ge30 and type-VIII Eu8Ga16Ge30 clathrates, and EuO. The three compounds
exhibit peaks at their Curie temperatures (Figure 6.3). The -∆SM and RC values are listed
in Table 6.1. The -∆SM and RC values for the EuO reported here are similar to those
reported previously by Ahn et al.[198]. The type-I clathrate undergoes a secondary
magnetic transition at 10 K in addition to the ferromagnetic transition at 35 K (Figure
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6.4), resulting in a broadened ∆SM (T) curve at low temperatures and consequently an
enhanced RC.[199] This is the reason why the type-I clathrate possesses a larger RC as
compared with the type-VIII clathrate, even though the magnitude of ∆SM of the former is
about half smaller than that of the latter.

µ0∆H = 2 T

Figure 6.3 Temperature dependence of -∆SM at 2 T for the Eu8Ga16Ge30 type-I clathrate,
the Eu8Ga16Ge30 type-VIII clathrate, and EuO.
Reprinted with permission from Chaturvedi et al., Apll. Phys. Lett., 99, 162513 (2011).
Copyright (2011) American Institute of Physics.
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Table 6.1 The -∆SM and RC values for Eu8Ga16Ge30 clathrates and EuO. Tmax is the
temperature of (-∆SM)max
________________________________________________________________________
Compound
Tmax (K)
-∆SM (J/kg K)
RC (J/kg)
________________________________________________________________________
Clathrate-I Eu8Ga16Ge30
13
4.5
80
Clathrate-VIII Eu8Ga16Ge30
34
8
60
EuO
73
8.5
120
________________________________________________________________________

µ0∆H

Figure 6.4 Temperature and magnetic field dependence of -∆SM for clathrate-I Eu8Ga16Ge30.
TC is the Curie temperature, and TL is the temperature of the magnetic phase transition at ~10 K.
Reprinted with permission from Phan et al., Phys. Rev. B, 84, 054436 (2011).
Copyright (2011) by the American Physical Society.
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Figure 6.5 shows the temperature dependence of -∆SM for different applied field
changes up to 6 T for EuO (a), the type-I Eu8Ga16Ge30 (70%) – EuO (35%) (b),
Eu8Ga16Ge30 (65%) – EuO (35%) (c), and Eu8Ga16Ge30 (60%) – EuO (40%) (d)
composites. As shown in Figure 6.5, a proper combination of Eu8Ga16Ge30 and EuO not
only broadens the ∆SM (T) curves, but also retains the large values of -∆SM in the
composite specimens. For example, -∆SM ~ 13 J/kg K for µo∆H = 6 T for the
Eu8Ga16Ge30 (40%) – EuO (60%) composite (Figure 6.6 a).

Figure 6.5 Temperature and magnetic field dependencies of magnetic entropy change (-∆SM) for
(a) EuO; (b) Eu8Ga16Ge30(70%)-EuO(30%); (c) Eu8Ga16Ge30(65%)-EuO(35%);
(d) Eu8Ga16Ge30(60%)-EuO(40%) composites.
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For active magnetic refrigeration, it is necessary to have a uniform distribution of
∆SM (T). This has been achieved in the present composite specimens at sufficiently high
magnetic fields. In addition, tuning the Eu8Ga16Ge30 to EuO ratio can produce composites
that possess “table-like” ∆SM (T) curves (Figure 6.6 b) desirable for an ideal Ericssoncycle magnetic refrigeration.
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µ0∆H

Figure 6.6 Temperature dependence of -∆SM at different fields up to 6 T (a) for the Eu8Ga16Ge30 (40%)
EuO (60%) composite and (b) Eu8Ga16Ge30 (40%) –EuO (60%) and Eu8Ga16Ge30 (70%) –EuO (30%).
Reprinted with permission from Chaturvedi et al., Apll. Phys. Lett., 99, 162513 (2011).
Copyright (2011) American Institute of Physics.
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The variation in the RC and the δTFWHM curves as a function of weight percent of
Eu8Ga16Ge30 and EuO for µo∆H = 5 T are shown in Figure 6.7 The RC values of the
composite specimens are greater than that of Eu8Ga16Ge30. The larger RC values of the
composites result from the increase of both ∆SM and δTFWHM. This arises from the relative
contributions to the RC from ∆SM and δTFWHM, as the RC is the product of both.

Figure 6.7 The RC and δTFWHM for Eu8Ga16Ge30 - EuO composites
as a function of the weight percent of the constituents.
Reprinted with permission from Chaturvedi et al., Apll. Phys. Lett., 99, 162513 (2011).
Copyright (2011) American Institute of Physics.
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It should be noted that while δTFWHM increases, ∆SM decreases in the composites
relative to EuO. For the clathrate-based composites containing less than 35 wt% EuO, the
increase in δTFWHM is less than the decrease in ∆SM. As a result, RC is smaller in these
composites as compared with that of EuO. For the clathrate-based composites containing
large amounts of EuO (above 35 wt%), the increase in δTFWHM is greater than the
decrease in ∆SM thus resulting in a larger RC in the composites relative to that of EuO.
Among the five composite specimens we investigated, the Eu8Ga16Ge30 (40%) – EuO
(60%) composite shows the largest RC (~794 J/kg for µo∆H = 5 T). This RC value is
greater than that of EuO (~665 J/kg) for the same field change of 5 T. It is also worth
noting that while the RC of the Eu8Ga16Ge30 (65%) – EuO (35%) composite is almost
equal to that of EuO, the “table-like” MCE (i.e. the relatively constant ∆SM with
temperature) observed for this composite over a wide temperature range (20 K – 80 K)
makes it a better choice for Ericsson-cycle based magnetic refrigeration.
A detailed comparison of the RC between the Eu8Ga16Ge30 (40%) – EuO (60%)
composite with other magnetocaloric candidate materials for active magnetic
refrigeration in the temperature range of 10 K – 100 K is given in Figure 6.8. The type-I
clathrate–EuO composite shows the largest RC in this group of magnetocaloric materials,
while possessing nearly zero thermal and field hysteresis losses due to the fact it is
SOMT.[200] These magnetocaloric properties make it one of the best candidate materials
for active magnetic refrigeration around 70 K.
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Figure 6.8 RC values of clathrate-I Eu8Ga16Ge30 (40%) – EuO (60%) composite (red square)
and selected magnetocaloric candidate materials, including Tb3Co and TbCoAl (Ref. 201),
GdCo2B2 (Ref. 202), GdPd2Si (Ref. 203), TbCoC2 (Ref. 204), ErCo2 and ErCo1.9Si0.1 (Ref. 25),
DyCuAl (Ref. 206), DyAl2 (Ref. 207), Er0.65Tb0.35Al2 and Er0.25Tb0.75Al2 (Ref. 208),
ErCo1.9Fe0.1 (Ref. 209), GaNi2 (Ref. 210), Ho5Si4 (Ref. 211), and Er6MnBi2 (Ref. 212).
Reprinted with permission from Chaturvedi et al., Apll. Phys. Lett., 99, 162513 (2011).
Copyright (2011) American Institute of Physics.
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6.4 Refrigeration capacity and MCE in clathrate-VIII Eu8Ga16Ge30-EuO composites
Conventional magnetocaloric materials are used as refrigeration materials in the
temperature range where the largest change of the magnetic entropy occurs. This is the
same range in which the magnetic materials undergo a paramagnetic-to-ferromagnetic
transition, at their respective Curie temperatures.[34,200] Besides materials that exhibit
the “table-like” MCE, where the change of ∆SM occurs in a wide temperature range (c.f.
Chapter 6.3), a so-called bi-functional magnetocaloric materials are also of interest.
These are materials that can be ideally used for active magnetic refrigeration at two
distinctive temperature ranges. The clathrate-VIII Eu8Ga16Ge30 – EuO composites show
promise for bi-functional MCE, since the type-VIII Eu8Ga16Ge30 exhibits a giant
magnetocaloric effect at ~13 K [34], much lower than that of type-I Eu8Ga16Ge30. The
composites were prepared as described in the Chapter 6.2.
Figure 6.9 a shows -∆SM as a function of the temperature for the clathrate-VIII
Eu8Ga16Ge30 (50%) – EuO (50%) composite. It can be seen that the composite exhibits
two distinctive magnetic transitions at 73 K and 13 K corresponding to the Curie
temperatures of EuO and clathrate-VIII Eu8Ga16Ge30. Figure 6.9 shows -∆SM (T) for the
same compositions at 3 T. The large values of -∆SM are retained in this composite,
making this material promising for magnetic-cooling application in two distinctive
temperature ranges: the first one for hydrogen refrigeration, and the second one near the
nitrogen liquefaction range.
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a)

b)

Figure 6.9 -∆SM as a function of the temperature for clathrate-VIII Eu8Ga16Ge30 (50%) – EuO (50%)
composite for magnetic fields in the range 0.2 – 3 T (a); Temperature ranges for which the clathrate-VIII
Eu8Ga16Ge30 (50%) – EuO (50%) show promise.
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It is important that the composite materials retain the magnetocaloric properties of
the constituents. To check for this, the magnetization as a function of the magnetic field
was measured in the temperature interval of 2 to 114 K, as shown in Figure 6.10. It is
clear from Figure 6.10 that there is a large ferromagnetic ordering in the composite,
typical for both clathrate-VIII Eu8Ga16Ge30 and EuO.[34,198] Interestingly, the major
change in the magnetization occurs in the same temperature range as for the EuO [198],
whereas for the clathrate-VIII Eu8Ga16Ge30 occurs below 2 K.[34] This is still a relatively
low magnetic field and that makes the composite attractive for magnetic cooling
applications. It can be seen from Figure 6.10b that a very small thermal hysteresis is
observed upon cycling the composite in a magnetic field at a temperature of 5 K. This is
beneficial for active magnetic refrigeration.[213]

126

a)

b)

Figure 6.10 Magnetization as a function of the magnetic field for the
clathrate-VIII Eu8Ga16Ge30 (50%) – EuO (50%) composite between 2 K and 114K (a);
Magnetic loop taken at 5 K showing a soft ferromagnetic characteristic (b).
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Appendix A
Thermoelectric effect and transport properties measurements
The thermoelectric effect couples thermal and electrical phenomena, allowing a
solid state conversion of energy. An imposed thermal gradient ∆T across a junction of
two dissimilar materials (Figure AI-1a) will result in a voltage ∆V across that junction
(Seebeck effect).[1,3,5,214] This type of power generation from heat produced by
radioactive plutonium is widely used in deep-space applications.[214] On the other hand,
an electric current passing through the junction (Figure AI-1b) a temperature gradient
with heat being absorbed on the cold side of the thermoelectric device and rejected at the
heat sink, thus thermoelectric devices provide a refrigeration capability (Peltier
effect).[1,215]
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Figure AI-1 The Seebeck (a) and Peltier (b) effects.

A figure of merit of a thermoelectric material is called the ZT-factor, defined as:
ZT =

S 2σ

κ

T,

(AI-1)

where S is the Seebeck coefficient, σ is the electrical conductivity and κ is the total
thermal conductivity that includes both the electrical and lattice contributions. The
schematics that illustrate the measurement of the three transport coefficients are given in
Figure AI-2.
Temperature gradients for measurement of S and κ are applied by a small chip
resistor attached to one end of the specimen, which acts as a heat source. S is measured
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by sweeping the temperature gradient, and measuring the voltage difference (ΔV) and
temperature difference (ΔT) at two points in a plane perpendicular to the axis of the
specimen (Figure AI-2a). S is then determined from the slope of a plot of ΔV vs. ΔT, i.e.
S=

dV
dT

(AI-2)

For the case of measuring κ, several temperature gradients are applied to the
specimen, and the power (P) vs. the measured ΔT, between two points a distance l apart,
recorded. κ is then determined from the Fourier Law for heat transfer [150]:
P =κA

∆T
l

(A1-3)

where A is the cross-sectional area of the specimen. The power passing through the
specimen is assumed to be equal to the power generated by the heater (Pheater), which is
calculated from Pheater = IheaterVheater.
A four-probe method is used to measure the electrical resistivity, ρ (the electrical
conductivity is σ = 1 / ρ ). A small known current (typically ~ 5 mA) is passed through
the specimen, and ΔV measured between two points a distance l apart. ρ is then
determined from Ohm’s Law and the geometry of the sample in the following way:

ρ=

RA
l

(A1-4)

Here R is the electrical resistance of the specimen determined as R = ∆V / I, where I is the
electrical current passing through the specimen. To eliminate possible thermoelectric
contributions to ΔV, data is acquired with current sourced in both directions, with fast
switching of the current direction, and the results are averaged.

143

The total measurement relative uncertainty at room temperature for ρ, S, and κ,
are estimated to be 4%, 6%, and 8%, respectively [161]. In the case of measurements of
the transport properties on small crystals (c.f. Chapters 4 and 5), these errors are larger
due to the small sizes of the contacts as compared to the specimens.

a)

Cold End
(Heat Sink)

Cold End
(Heat Sink)

b)

∆T

∆T

∆V

Hot End
(Heater)

l

Hot End
(Heater)

A

∆V

l

Current Flow, I

c)

Figure AI-2 Measurement of the transport properties: Seebeck coefficient (a)
thermal conductivity (b) and four-probe resistivity (c).
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Appendix B
Single-crystal X-ray diffraction data for clathrate-I Na8Si46 and clathrate-II
Na24Si136
A black prism of Na8Si46, approximate dimensions 0.18 × 0.20 × 0.20 mm3, was
used for the X-ray crystallographic analysis. The X-ray intensity data were measured at
200(2) K on a three-circle diffractometer system equipped with Bruker Smart Apex II
CCD area detector using a graphite monochromator and a MoKα fine-focus sealed tube
(λ= 0.71073 Å). The detector was placed at a distance of 5.000 cm from the crystal.
A total of 1280 frames were collected with a scan width of 0.30° in ω and an
exposure time of 8 sec/frame using Apex2 (Bruker, 2005). The total data collection time
was 5.0 hours. The frames were integrated with Apex2 software package using a narrowframe integration algorithm. The integration of the data using a Cubic unit cell yielded a
total of 7652 reflections to a maximum θ angle of 29.93°, of which 305 were independent
(completeness = 100.0%, Rint = 1.48%, Rsig = 0.46%) and 303 were greater than 2σ(I).
The final cell dimensions of a = 10.1973(1) Å, b = 10.1973(1) Å, c = 10.1973(1) Å,
α = 90°, β = 90°, γ = 90°, V = 1060.366(18) Å3, are based upon the refinement of the
XYZ-centroids of 6336 reflections with 2.8 < θ < 32.2° using Apex2. Analysis of the data
showed 0 % decay during data collection. Data were corrected for absorption effects with
the Semi-empirical from equivalents method using SADABS [216]. The minimum and
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maximum transmission coefficients were 0.698 and 0.773.
The structure was solved and refined using the SHELXS-97 [216] and SHELXL97 [216] software in the space group Pm-3n with Z = 2 for the formula unit Na4Si23. The
final anisotropic full-matrix least-squares refinement on F2 with 16 variables converged
at R1 = 1.10 % for the observed data and wR2 = 2.54 % for all data. The goodness-of-fit
was 1.000. The largest peak on the final difference map was 0.215 e-/Å3 and the largest
hole was -0.120 e-/Å3. On the basis of the final model, the calculated density was 2.312
g/cm3 and F(000), 732e-.
For the Na24Si136, a black prism with approximate dimensions 0.13 × 0.22 × 0.27
mm3, was used for the X-ray crystallographic analysis. The X-ray intensity data were
measured at 200(2) K on a three-circle diffractometer system equipped with Bruker
Smart Apex II CCD area detector using a graphite monochromator and a MoKα finefocus sealed tube (λ = 0.71073 Å). The detector was placed at a distance of 5.000 cm
from the crystal. A total of 3030 frames were collected with a scan width of -0.30° in ω
and an exposure time of 12 sec/frame using Apex2 (Bruker, 2005). The total data
collection time was 15.00 hours. The frames were integrated with Apex2 software
package using a narrow-frame integration algorithm. The integration of the data using a
Cubic unit cell yielded a total of 12553 reflections to a maximum θ angle of 29.98°, of
which 262 were independent (completeness = 100.0%, Rint = 1.83%, Rsig = 0.40%) and
260 were greater than 2σ(I). The final cell dimensions of a = 14.7121(1) Å, b =
14.7121(1) Å, c = 14.7121(1) Å, α = 90°, β = 90°, γ = 90°, V = 3184.37(4) Å3, are based
upon the refinement of the XYZ-centroids of 11765 reflections with 2.4 < θ < 32.4° using
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Apex2. Analysis of the data showed 0 % decay during data collection. Data were
corrected for absorption effects with the Semi-empirical from equivalents method using
SADABS [216]. The minimum and maximum transmission coefficients were 0.746 and
0.832.
The structure was solved and refined using the SHELXS-97 [216] and SHELXL97 [216] software in the space group Fd-3m with Z = 8 for the formula unit Na3Si17. The
final anisotropic full-matrix least-squares refinement on F2 with 18 variables converged
at R1 = 1.15 % for the observed data and wR2 = 2.90 % for all data. The goodness-of-fit
was 1.000. The largest peak on the final difference map was 0.203e/Å3 and the largest
hole was -0.122e/Å3. On the basis of the final model, the calculated density was 2.280
g/cm3 and F(000), 2168e. The details of the single crystal refinement are given in Tables
S1-S6.
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Table A1 Crystal data and structure refinement for Na8Si46, single crystal XRD
______________________________________________________________________________________
Formula weight
738.03
Temperature
200(2) K
Wavelength
0.71073 Å
Crystal size
0.20 � 0.20 � 0.18 mm3
Crystal habit
gray cube
Crystal system
Cubic
Space group
Pm3̄n
Unit cell dimension
a = 10.1973(1) Å
Volume
1060.366(18) Å3
Z
2 (for empirical formula Na4Si23)
2.312 g/cm3
Density, ρcalc
Absorption coefficient, μ
1.432 mm-1
F(000)
Diffractometer
Radiation source
Detector distance
Detector resolution
Total frames
Frame size
Frame width
Exposure per frame
Total measurement time
Data collection method

θ range for data collection
Index ranges
Reflections collected
Independent reflections
Observed reflection, I > 2σ (I)
Coverage of independent reflections
Variation in check reflections
Absorption correction
Max. and min. transmission
Structure solution technique
Structure solution program
Refinement technique
Refinement program
Function minimized
Data / restraints / parameters
Goodness-of-fit on F2
∆/σmax
Final R indices:
R1, I > 2σ (I)
wR2, all data
Rint
Rsig
Weighting scheme
Extinction coefficient

732 e
Bruker Smart Apex II CCD area detector
fine-focus sealed tube, MoKα
5.000 cm
11.198 pixels/mm
1280
512 pixels
0.30°
8 sec
5.0 hours
ω scans
2.82 to 29.93°
-14 ≤ h ≤ 14, -14 ≤ k ≤ 14, -14 ≤ l ≤ 14
7652
305
303
100.0 %
0%
Semi-empirical from equivalents
SADABS (Sheldrick, 1996)
0.773 and 0.698
direct method
SHELXS-97 (Sheldrick, 1990)
Full-matrix least-squares on F2
SHELXL-97 (Sheldrick, 1997)
Σw(Fo2 - Fc2)2
305 / 0 / 16
1.000
0.000
0.0110
0.0254
0.0148
0.0046
w = 1/[σ2(Fo2)+(0.01P)2+0.746P], P =[max(Fo2,0)+2Fo2]/3
0.0052(5)

Largest diff. peak and hole
0.215 and -0.120 e /Å3
______________________________________________________________________________________
R1 = Σ||Fo |-|Fc||/Σ|Fo|, wR2 = [Σw(Fo2 - Fc2)2/Σ w(Fo2)2]1/2
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Table A2 Crystal data and structure refinement for Na24Si136, single crystal XRD
______________________________________________________________________________________
Formula weight
546.50
Temperature
200(2) K
Wavelength
0.71073 Å
Crystal size
0.27 × 0.22 × 0.13 mm3
Crystal habit
blue prism
Crystal system
Cubic
Space group
Fd3̄m
Unit cell dimensions
a = 14.7121(1) Å
α = 90°
b = 14.7121(1) Å
β = 90°
c = 14.7121(1) Å
γ = 90°
Volume
3184.37(4) Å3
Z
8 (empirical formula Na3Si17)
Density, ρcalc
2.280 g/cm3
Absorption coefficient, µ
1.411 mm-1
F(000)
2168e
Diffractometer
Bruker Smart Apex II CCD area detector
Radiation source
fine-focus sealed tube, MoKα
Detector distance
5.000 cm
Detector resolution
8.333 pixels/mm
Total frames
3030
Frame size
512 pixels
Frame width
-0.30°
Exposure per frame
12 sec
Total measurement time
15.00 hours
Data collection method
ω and ϕ scans
θ range for data collection
Index ranges
Reflections collected
Independent reflections
Observed reflection, I > 2σ (I)
Coverage of independent reflections
Variation in check reflections
Absorption correction

2.40 to 29.98°
-20 ≤ h ≤ 20, -20 ≤ k ≤ 20, -20 ≤ l ≤ 20
12553
262
260
100.0 %
0%
Semi-empirical from equivalents
SADABS (Sheldrick, 1996)
Max. and min. transmission
0.832 and 0.746
Structure solution technique
direct
Structure solution program
SHELXS-97 (Sheldrick, 1990)
Refinement technique
Full-matrix least-squares on F2
Refinement program
SHELXL-97 (Sheldrick, 1997)
Function minimized
Σw(Fo2 - Fc2)2
Data / restraints / parameters
262 / 0 / 18
Goodness-of-fit on F2
1.000
∆/σmax
0.001
0.0115
Final R indices:
R1, I >2σ (I)
0.0290
wR2, all data
0.0183
Rint
0.0040
Rsig
Weighting scheme
w = 1/[σ2(Fo2)+(0.01P)2+12P], P = [max(Fo2 ,0)+2Fo2]/3
Extinction coefficient
0.00031(4)
Largest diff. peak and hole
0.203 and -0.122e/Å3
______________________________________________________________________________________
R1 = Σ||Fo |-|Fc||/Σ|Fo|, wR2 = [Σw(Fo2 -Fc2)2/Σ w(Fo2)2]1/2
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Table A3 Bond lengths (Å) for Na8Si46
_________________________________
Na1-Si1
3.3590(3)x12
Na1-Si3
3.2516(2)x8
Na2-Si1
3.4307(2)x8
Na2-Si1
3.9470(3)x4
Na2-Si2
3.6053(1)x4
Na2-Si3
3.7885(3)x8
Si1-Si1
2.3919(6)
Si1-Si2
2.3816(3)
Si1-Si3
2.3623(2)x2
Si2-Si1
2.3816(3)x4
Si3-Si1
2.3623(2)x3
Si3-Si3
2.3279(7)
__________________________________
Table A4 Bond lengths (Å) for Na24Si136
__________________________________
Na1-Si2
3.619(10)x2
Na1-Si2
3.785((7)x4
Na1-Si2
3.8642(15)x4
Na1-Si2
4.001(3)x4
Na1-Si2
4.0114(7)x2
Na1-Si2
4.0201(10)x2
Na1-Si2
4.225(10)x2
Na1-Si2
4.234(8)x4
Na1-Si3
3.827(5)x2
Na1-Si3
4.194(7)x2
Na2-Si1
3.1853(1)x2
Na2-Si2
3.3742(2)x12
Na2-Si3
3.2751(3)x6
Si1-Si3
2.3685(5)x4
Si2-Si2
2.3578(3)x2
Si2-Si2
2.3976(6)
Si2-Si3
2.3726(3)
Si3-Si1
2.3686(5)
Si3-Si2
2.3726(3)x3
_________________________________
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Appendix C
Single-crystal X-ray diffraction data for clathrate-I K7.5Si46 and clathrate-II
K17.8Si136
Table A5 Crystal data and structure refinement for K7.5Si46 single-crystal XRD
________________________________________________________________________
Identification code
Formula weight
Temperature
Wavelength
Crystal system, space group
Unit cell dimensions

Shelxl
1604.94
293(2) K
0.71073 Å
Cubic, Pm3̄n
a = 10.2639(3) Å α = 90o
b = 10.2639(3) Å β = 90o
c = 10.2639(3) Å γ = 90o
Volume
1081.28(5) Å3
Z, Calculated density
1, 2.465 g/cm3
Absorption coefficient
2.096 mm-1
F(000)
796
Theta range for data collection
2.81 to 32.29 deg.
Limiting indices
-15 ≤ h ≤ 15, -15 ≤ k ≤ 15, -15 ≤ l ≤ 14
Reflections collected / unique
14545 / 377 [R(int) = 0.0309]
Completeness to theta = 32.29
100.0 %
Refinement method
Full-matrix least-squares on F2
Data / restraints / parameters
377 / 0 / 16
2
Goodness-of-fit on F
1.183
Final R indices [I > 2σ (I)]
R1 = 0.0129, wR2 = 0.0337
R indices (all data)
R1 = 0.0131, wR2 = 0.0338
Largest diff. peak and hole
0.321 and -0.241 e/Å3
________________________________________________________________________
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Table A6 Crystal data and structure refinement for K17.8Si136 single-crystal XRD
________________________________________________________________________
Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system, space group
Unit cell dimensions

Shelxl
K17.8 Si136
4758.64
293(2) K
0.71073 Å
Cubic, Fd3̄m
a = 14.7264(6) Å α = 90o
b = 14.7264(6) Å β = 90o
c = 14.7264(6) Å γ = 90o
Volume
3193.7(2) Å3
Z, Calculated density
1, 2.474 g/cm3
Absorption coefficient
2.109 mm-1
F(000)
2360
Limiting indices
-21 ≤ h ≤ 20, -21 ≤ k ≤ 13, -22 ≤ l ≤ 14
Completeness to theta = 32.36
97.5 %
Refinement method
Full-matrix least-squares on F2
Data / restraints / parameters
309 / 0 / 17
1.007
Goodness-of-fit on F2
Final R indices [I > 2σ (I)]
R1 = 0.0220, wR2 = 0.0547
R indices (all data)
R1 = 0.0294, wR2 = 0.0563
Largest diff. peak and hole
0.387 and -0.322 e/Å3
________________________________________________________________________
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Appendix D
Single-crystal X-ray diffraction data for clathrate-II Na24-xSi136
Table A7 Crystal data and structure refinement for Na2.9Si136 single-crystal XRD
________________________________________________________________________
Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system, space group
Unit cell dimensions

Shelxl
Na2.9 Si136
4372.00
293(2)
0.71073 Å
Cubic, Fd3̄m
a = 14.6522(17) Å α = 90o
b = 14.6522(17) Å β = 90o
c = 14.6522(17) Å γ = 90o
Volume
3145.6(6) Å3
Z, Calculated density
1, 2.308 g/cm3
Absorption coefficient
1.429 mm-1
F(000)
2168
Theta range for data collection
3.93 to 35.13 deg.
Limiting indices
-23 ≤ h ≤ 23, -23 ≤ k ≤ 21, -23 ≤ l ≤ 23
Reflections collected / unique
10848 / 371 [R(int) = 0.0448]
Completeness to theta = 35.13
97.9 %
Refinement method
Full-matrix least-squares on F2
Data / restraints / parameters
371 / 0 / 16
Goodness-of-fit on F2
1.505
Final R indices [I > 2σ (I)]
R1 = 0.0367, wR2 = 0.0560
R indices (all data)
R1 = 0.0391, wR2 = 0.0571
Largest diff. peak and hole
0.441 and -0.401 e/Å3
________________________________________________________________________
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Table A8 Crystal data and structure refinement for Na5.1Si136 single-crystal XRD
________________________________________________________________________
Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system, space group
Unit cell dimensions

Shelxl
Na5.1 Si136
4372.00
293(2) K
0.71073 Å
Cubic, Fd3̄m
a = 14.6437(7) Å α = 90o
b = 14.6437(7) Å β = 90o
c = 14.6437(7) Å γ = 90o
Volume
3140.2(3) Å3
Z, Calculated density
1, 2.312 g/cm3
Absorption coefficient
1.431 mm-1
F(000)
2168
Theta range for data collection
3.94 to 34.91 deg.
Limiting indices
-23 ≤ h ≤ 23, -21 ≤ k ≤ 23, -22 ≤ l ≤ 23
Reflections collected / unique
10991 / 370 [R(int) = 0.0317]
Completeness to theta = 34.91
99.2 %
Refinement method
Full-matrix least-squares on F2
Data / restraints / parameters
370 / 0 / 16
Goodness-of-fit on F2
1.496
Final R indices [I > 2σ (I)]
R1 = 0.0283, wR2 = 0.0528
R indices (all data)
R1 = 0.0288, wR2 = 0.0529
Largest diff. peak and hole
0.589 and -0.266 e/Å3
________________________________________________________________________
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Table A9 Crystal data and structure refinement for Na8.2Si136 single-crystal XRD
________________________________________________________________________
Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system, space group
Unit cell dimensions

Shelxl
Na8.1Si136
72.87
293(2) K
0.71073 Å
Cubic, Fd3̄m
a = 14.6397(6) Å α = 90o
b = 14.6397(6) Å β = 90o
c = 14.6397(6) Å γ = 90o
Volume
3137.59(18) Å3
Z, Calculated density
60, 2.314 g/cm3
Absorption coefficient
1.432 mm-1
F(000)
2168
Theta range for data collection
3.94 to 34.88 deg.
Limiting indices
-23 ≤ h ≤ 23, -23 ≤ k ≤ 22, -23 ≤ l ≤ 23
Reflections collected / unique
10750 / 366 [R(int) = 0.0422]
Completeness to theta = 34.88
98.7 %
Refinement method
Full-matrix least-squares on F2
Data / restraints / parameters
366 / 0 / 19
Goodness-of-fit on F2
1.538
Final R indices [I > 2σ (I)]
R1 = 0.0276, wR2 = 0.0560
R indices (all data)
R1 = 0.0279, wR2 = 0.0561
Largest diff. peak and hole
0.302 and -0.309 e/Å3
________________________________________________________________________
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Table A10 Crystal data and structure refinement for Na14.7Si136 single-crystal XRD
________________________________________________________________________
Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system, space group
Unit cell dimensions

Shelxl
Na14.7 Si136
4372.00
293(2) K
0.71073 Å
Cubic, Fd3̄m
a = 14.6500(7) Å α = 90o
b = 14.6500(7) Å β = 90o
c = 14.6500(7) Å γ = 90o
Volume
3144.2(3) Å 3
Z, Calculated density
1, 2.309 g/cm3
Absorption coefficient
1.429 mm-1
F(000)
2168
Theta range for data collection
3.93 to 35.17 deg.
Limiting indices
-23 ≤ h ≤ 23, -22 ≤ k ≤ 23, -23 ≤ l ≤ 23
Reflections collected / unique
11230 / 376 [R(int) = 0.0269]
Completeness to theta = 35.17
98.7 %
Data / restraints / parameters
376 / 0 / 18
2
Goodness-of-fit on F
1.399
Final R indices [I > 2σ (I)]
R1 = 0.0285, wR2 = 0.0567
R indices (all data)
R1 = 0.0312, wR2 = 0.0628
Largest diff. peak and hole
0.497 and -0.518 e/Å3
________________________________________________________________________
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